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Structural and Functional Analysis of the Natural JNK1 Inhibitor Quercetagetin

Summary

c-Jun NH2-terminal kinases (JNKs) and phosphatidylinositol 3-kinase (P13-K) play critical roles in
chronic diseases such as cancer, type Il diabetes, and obesity. | describe here the binding of
quercetagetin (3,3',4',5,6,7-hydroxyflavone), related flavonoids and SP600125 to JNK1 and PI3-K by
ATP-competitive and immobilized metal ion affinity-based fluorescence polarization assays and
measure the effect of quercetagetin on JNK1 and PI3-K activities. Quercetagetin attenuates the
phosphorylation of c-Jun and AKT, suppresses AP-1 and NF-kB promoter activities, and also reduces
cell transformation. It attenuates tumor incidence and reduces tumor volumes in a two-stage skin
carcinogenesis mouse model. The crystal structure of JNK1 in complex with quercetagetin is
presented in this thesis. In comparison with a previously determined JNK1-structure, the interaction
between Lys55, Asp169, and Glu73 of JNK1 and the catechol moiety of quercetagetin reorients the N-
terminal lobe of JNK1, thereby improving compatibility of the ligand with its binding site. The results
of a docking study suggest a binding mode of P13-K with the hydroxyl groups of the catechol moiety
forming hydrogen bonds with the side chains of Asp964 and Asp841 in the p110y catalytic subunit.

These interactions could contribute to the high inhibitory activity of quercetagetin against P13-K.
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Strukturelle und funktionelle Sudien des natlrlichen JNK1 Inhibitors Quercetagetin

Zusammenfassung

Die Familien der c-Jun NH2-terminalen Kinasen (JNKs) und Phosphatidylinositol 3-kinasen (P13-K)
spielen eine wichtige Rolle bei unterschiedlichen Erkrankungen wie beispielsweises Krebs, Diabetes
Mellitus Typ 2 und Adipositas. In der vorliegenden Arbeit beschreibe ich die Bindung von
Quercetagetin (3,3',4',5,6,7-hydroxyflavone), verwandten Flavonoiden, und SP600125 an JNK1 und
P13-K mittels ATP-kompetitiver und Fluoreszenz Polarisations-basierten Techniken. Weiterhin zeige
ich den Effekt der Bindung von Quercetagetin auf die Kinase-Aktivitdt von JNK1 und PI3-K.
Quercetagetin erniedrigt die Phosphorylierung von c-Jun und AKT, unterdriickt die Promotoraktivitat
von AP-1 und NF-xB, und vermindert ebenso eine maligne Transformation. In einem zweistufigen
Mausmodell zur Kanzerogenese der Haut wird durch Quercetagetin die Tumorinzidenz abgeschwacht
sowie das Tumorvolumen vermindert. In dieser Doktorarbeit wurde die Kristallstrukur von JNK1 in
Komplex mit Quercetagetin gelost. Die Interaktion zwischen den JNK1 -Aminoséuren Lys55, Asp169
und Glu73 mit Quercetagetin fiihrt im Vergleich zu vorher ermittelten JNK1-Strukturen zu einer
Umlagerung der N-terminalen JNK1 Kinasedomane, wodurch die Interaktionsflache zwischen JNK1
und Querctagetin optimiert wird. Einer theoretischen Docking-Studie zufolge erfolgt die Bindung von
Quercetagetin an PI3-K hingegen iber Wasserstoffbriicken zwischen den Hydroxyl-Gruppen mit den
Seitenketten von Asp964 und Asp841 in der katalytischen Untereinheit p110y. Diese Interaktionen

kdnnten das hohere inhibitorische Potential Quercetagetins auf die Kinaseaktivitat von PI3-K erklaren.
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1. Introduction

1.1 Protein kinase signal transduction pathways

Protein kinases are enzymes that modify other proteins by chemically transferring phosphate groups
from ATP and covalently adding them to threonine, serine, tyrosine and histidine, which is called
phosphorylation. Phosphorylation is one of the most ubiquitous post-translational modifications and is
known to alter target protein activity and/or function. The human genome appears to encode 538
distinct protein kinase genes (constituting approximately 2% of all eukaryotic genes), which are
classified into about 20 known families (Manning et al., 2002; Rubin et al., 2000). Protein kinases are
key regulators of most aspects of cell life since they play an important role in most of cellular

signaling pathways (Zhang et al., 2009).

1.2 Signaling cascades as potential therapeutic targets

A consensus is arising that kinase regulation is an important treatment for a diversity of diseases
(Cohen, 2002). The phosphorylation of a protein kinase by its upstream kinase regulates downstream
functions and activities. Disrupting a pathway via complete inhibition of a kinase involved in this
pathway is a fascinating proposition. So a major drug development issue is to identify appropriate
targets within signaling cascades for therapeutic intervention. There are diverse signaling pathways,
and especially the MAP-kinase pathway has been identified as an important pathway involved in the

development of cancer and it is therefore targeted by a great number of drug candidates (Figure 1).

1.2.1 MAP Kinase signaling pathway

MAP kinases (mitogen activated protein kinases, MAPKSs) function as serine/threonine protein kinases.
MAP kinase cascades are composed of three kinases: MAP kinase kinase kinase (MAPKKK, MAP3K),
MAP kinase kinase (MAPKK, MAP2K, also called as MEK), MAP kinase (Widmann et al., 1999;
Kyriakis and Avruch, 2001). Tremendous efforts from many researchers over the past decade have
contributed to the elucidation of the MAPKS signaling mechanism and their involvement in a variety

of cellular functions such as cell differentiation, cell proliferation, cell migration and cell death (Bode


https://en.wikipedia.org/wiki/Serine/threonine-specific_protein_kinase
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Figure 1 General scheme of signaling cascades in carcinogenesis. If cellular receptors recognize the
oncogenic stimuli, SFKs are activated. This event leads to the phosphorylation of downstream kinases, such as
Ras or STAT3. Activated Ras phosphorylates the MAPK upstream proteins, including Raf and MKKs, to trigger
downstream signaling effectors. The signaling cascades result in MAPKSs phosphorylation and activation. MAPK
pathways lead to expression of oncogenic proteins. Besides MAPKSs, P13-K is also activated by Ras, Src and Fyn.
Activated PI3-K leads to activation of Akt, and consequently turns on downstream signals to induce oncogenic
gene expression. Along with MAPK and PI3-K pathways, IKK activates NF-xB by the phosphorylation and
degradation of IkB protein. Activated NF-kB goes into the nucleus, and activates the expression of specific target
genes in carcinogenesis. These signaling cascades result in cell transformation, proliferation, metastasis and
angiogenesis. AP-1, activator protein 1; ATF1, Cyclic AMP-dependent transcription factor; EGFR, epidermal
growth factor receptor; ERK, extracellular signal-regulated kinase; IKK, IxB kinase; IkB, inhibitor kappaB; JNK,
c-Jun N-terminal kinases; MEK, mitogen-activated protein-ERK kinase; MEKK1, MEK kinase 1; MKK,
mitogen-activated protein kinase kinase; MMP, matrix metallopeptidase; MSK, mitogen- and stress-activated
protein kinase; NFAT, Nuclear factor of activated T-cells; NF-«kB, nuclear factor-kappaB; NIK, NF-kB-inducing

kinase; PI3-K, phosphatidylinositol 3-kinase; RSK, ribosomal s6 kinase; S6K, s6 kinase; SFK, Src family



Part | : Introduction 5

kinase; STAT3, signal transducer and activator of transcription 3; VEGF, vascular endothelial growth factor.

Figure adapted from Kang et al., 2011.

and Dong, 2003). This three step cascade is found in all eukaryotic organisms and is highly conserved
in signaling pathways (Waskiewicz and Cooper; 1995). MAPKSs are modulated by phosphorylation
cascades, resulting in sequential stimulation. This signaling cascade is initiated by a set of extracellular
signals including growth factor, UV, TPA or small GTP-binding protein or other kinases (e.g. PKC)
serving for the cascade and stimulate MAPKKK. A MAPKKK activated in series lead to
phosphorylation of MAPKK at two specific serine residues; dual phosphorylated MAPKK which is
also known as dual specificity enzyme, in turn activates specific hydroxyl side chains of threonine and
tyrosine residues in MAPK as substrate (Marshall, 1994; Cobb and Goldsmith, 1996). MAPK exert
major effects on both transcription factors and other protein kinases, highlighting the prominence of
these MAPKSs for different drug therapies. Up to date, three distinct groups of MAPKSs have been
identified: Extracellular signal-regulated kinases (ERKS), c-Jun N-terminal kinases (JNKs) and p38

kinases (Bode and Dong, 2003).

1.2.2 INK signaling pathway

C-Jun NH2-terminal Kinases (JNKs) are a group of serine/threonine protein kinases known as
members of the mitogen-activated protein kinase family which also includes the extracellular signal
regulated kinases (ERKSs) and p38 kinases (Hibi et al., 1993; Davis, 2000). JNKs are encoded by three
genes: JNK1, JNK2 and JNK3 that are generated by alternative splicing to create up to 10 isoforms
ranging from 46 kDa to 55 kDa (Gupta et al., 1996; Davis, 2000; Barr et al., 2001). JINK1 and JNK2
are ubiquitously found in all cells and tissue type, whereas JINK2 is primarily expressed in brain, heart,
and testis (Martin et al., 1996; Davis, 2000; Chang and Karin, 2001; Shaulian and Karin, 2002; Lin,
2003). JNKs were originally discovered by their ability to specifically bind and phosphorylate Ser63
and Ser73 within the N-terminal transactivation domain of the transcription factor c-Jun, which
regulates the activity of the transcription factor (Hibi et al., 1993; Kallunki et al., 1996). It has
subsequently been found that JNKs also regulate the activity of transcription factors, such as ATF2,

Elk-1, p53, SMAD4, NF-Atcl, HSF-1, STAT3, c-Myc (Davis, 2000; Chang and Karin, 2001; Lin,


https://en.wikipedia.org/wiki/Mothers_against_decapentaplegic_homolog_4
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2003; Karin, 1995; IP and Davis, 1998) and non-transcription factors including members of the Bcl-2
family other than c-Jun (YYamamoto et al., 1999; Maundrell et al., 1997; Yu et al., 2004). JNKs are
predominantly responsive to a variety of inflammatory signals or stress stimuli, such as UV radiation,
cytokines, growth factor deprivation, DNA-damaging agent and heat shock (Wagner and Nebreda,
2009; Tournier, 2000; Weston and Davis, 2002). In response to stresses such as oxidative stress and
UVB radiation, JNKs bind to and regulate p53 (Wu, 2004). Various transmitted signals activate
MAP3KSs, which in turn phosphorylate and activate MAP2Ks (MKK4 and MKK?7) that subsequently
phosphorylate JNKs by dual phosphorylation on TPY (Thr-Pro-Tyr) motif (i.e. in the activation loop
at residues Thrl83-Pro-Tyr185) (Davis, 2000; Weston and Davis, 2002). Then JNKSs trigger the
activation of a large number of downstream targets that regulate cellular functions implicated in cancer
and other diseases (Bogoyevitch et al., 2006). JNKs can be deactivated by a specialized group of

MAPK phosphatases, such as MKP1 and MKP5 (Karin and Gallagher, 2005).

1.3 Structural organization of MAPK family

On the basis of sequence and structure, the members of MAPK family all contain the same catalytic
scaffold as the several hundred protein kinases do and show the typical kinase fold. The conserved
core consists of two lobes: the smaller N-terminal lobe, or N-lobe and the larger C-terminal lobe, or C-
lobe. The N-lobe is mainly composed of B-strands, connecting loops and one functionally important o
helix, called helix aC. The lager C-lobe is primarily comprised of a-helices. These two lobes,

connected by a small linker known as hinge, serve as a cleft for ATP (Figure 3).
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Figure 3 The structure of the catalytic domain of cAbl in complex with Gleevec (Nagar et al., 2002). The N-
terminal lobe consists of a  sheet and one conserved a helix (helix aC). The C-terminal lobe is largely helical
and contains a segment, the activation segment, which includes residues that in many kinases are phosphorylated
for activity (Johnson et al., 1996). The hinge region connects the two lobes. The protein structure is color ramped
so that residues close to the N-terminus are blue, and those close to the C-terminus are red. Gleevec is shown
bound to the ATP-binding site, from which it extends under the a.C helix. Thr315, the “gatekeeper” residue, and
Phe382, the conserved phenylalanine that marks the beginning of the activation segment, are labeled. Figure

adapted from Noble et al., 2004.

ATP bound in this cleft poses beneath a highly conserved phosphate binding loop located between
the B2 and B3 strands. This loop contains a glycine-rich sequence (GXGX®G) where @ is often
tyrosine or phenylalanine as a lid on top of the ATP for the phosphoryl transfer. There are two general
conformations in protein kinases: an active state and an inactive state that toggle between open and
closed conformation as the kinase undergoes the catalytic cycle. The aC helix, which is the only
conserved helix in the N-lobe, plays an important role in catalysis as a mediator of conformational
changes. The catalytically active conformation typically associates with changes in the orientation of

the aC helix and the activation segment. One of the main features is a lysine-glutamate ion pair. The
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glutamate (E91 in PKA) is absolutely conserved in the middle of aC helix and forms an ion pair (a salt
bridge) with a conserved lysine (K72 in PKA) that coordinates the a- and B-phosphates of ATP to
facilitate catalysis in the active conformation of the kinase (Huse and Kuriyan, 2002; Zheng et al.,
1993). The aC helix also makes crucial contacts with the conserved Asp-Phe-Gly (DFG) motif at the
N-terminal region of the activation loop or T-loop which starts with conserved amino acid sequence
“DFG” and ends with “APE”. A centrally located T-loop spans both N- and C-terminal lobes and key
residues within this loop are phosphorylated when the kinase is in the active state that enables
substrate binding and catalysis (Hubbard, 1997). Similarly, the phosphorylation of a residue in the
MAPK T-loop leads to a rearrangement of the loop that changes the flexibility around the ATP
binding site and increases the activity of the kinase (Adams, 2003; Lew, 2003; Lee, 2005). In the
MAPKSs, dual phosphorylation on Thr and Tyr residues within a conserved Thr-X-Tyr (TXY)
activation motif located in the T-loop is required for achieving full activity (Robbins and Cobb, 1992).
Phosphorylation of Thrl83 and Tyr185 results in more than 1000-fold activation of ERK1 and ERK2
(Ahn et al., 1991; Payne et al., 1991; Robbins and Cobb, 1992; Robbins et al., 1993) and the activity is
lost by the action of serine/threonine phosphatases, tyrosine phosphatases (Anderson et al., 1990;
Boulton and Cobb, 1991), or dual specificity phosphatases (Sun et al., 1993; Zheng and Guan, 1993).
All MAPKSs contain this signature sequence “TXY?, the intervening residue X is glutamate in ERK,
glycine in p38, and proline in JINK (Robbins et al., 1993; Ahn et al., 1991; Payne et al., 1991). The
crystal structure of ERK2 offered the first example of why the unique dual-phosphorylation is required
for the activation (Zhang et al., 1994). ERK2 is phosphorylated on residues Thr183 and Tyr185 within
the loop. Tyr185 is buried in a hydrophobic pocket while Thr183 is exposed at the surface of the loop,
thereby enabling access for MEK1. pThr183 makes contacts that extend to the aC helix, leading to

closure of the N-lobe and C-lobe and activation of the kinase (Canagarajah et al., 1997).

1.4 Kinase inhibitors as therapeutic agents
The deregulation of protein kinase signaling pathways causes a wide range of diseases including
cancer, inflammation, diabetes, congestive heart failure and neurological damage. Considering their

widespread roles in such a great variety of diseases, protein kinases have emerged as attractive targets


http://www.plantcell.org/content/12/11/2247.full#ref-55
http://www.plantcell.org/content/12/11/2247.full#ref-7

Part | : Introduction 9

for drug discovery (especially in the cancer field) and have demonstrated clinical impact by the vast
amount of research that has been performed over many years (Sawyers, 2003). More than 10,000
patent applications for kinase inhibitors have been submitted in the United States alone since 2001. It
is estimated that approximately 30% of the drug discovery efforts in the pharmaceutical industry are
headed for exploring and validating kinase inhibitors and more than 50 compounds are in clinical trials,
thus representing an important and emerging class of therapeutic agents (Cohen, 1999b). As of now,
more than 10 FDA-approved kinase inhibitors have been used as drugs to treat human diseases since
the late 1990s (Kontzias et al., 2012) (Tablel). The tremendous potential of kinase inhibitors came
with the success of imatinib (Gleevec; Novartis), first approved for use by the U.S. Food and Drug
Administration (FDA) in 2001, which is used in treating CML (chronic myelogenous leukaemia) as an
inhibitor of the Ber-Abl kinase (Druker et al., 2001). Further studies have shown that Imatinib has also
been used successfully for patients with GIST (gastrointestinal stromal tumours) (Demetri et al., 2002).
The clinical success of Imatinib has further led to extensive efforts to understand the full range of
kinases present in human for the development of therapeutic kinase inhibitors, particularly as

anticancer drugs (Futreal et al., 2004).

Agent Targets for therapeutic activity US FDA-approved indication

Direct kingse inhibitors by competing for the ATP-binding podket

Imatinib BCR-ABL, PDGFR and KIT CML and GIST

Drasatinib BCR-ABL ML

Milotinib BCR-ABL ML

Gefitinib EGFR Mon-small cell lung cancer

Erlotinib EGFR Mon-small cell lung cancer and pancreatic cancer
Lapatinib EGFR and ERBB2 Breast cancer

Sunitinib VEGFR2, PDIGFR and KIT Renal cell carcinoma, GIST, pancreatic cancer
Sarafenib VEGFR2 and PDGFR Renal cell carcinoma and hepatocellular carcinoma
Pazopanib VEGFR2, PDGFR and KIT Renal cell earcinoma

Crizotinib ALKSe-MET Mon-small cell lung cancer

WVemurafenib BRAF Melnoma

Wandetanib VEGFR-1, EGFR, RET and ErbB-| Medullary thyroid cancer

Ricolitinib JAKL]AK2 Myelofibrasis

Indirect kinase inhibitors by binding to FK506 binding protein | 2 (FKBPI 2)

Sirolimus mTOR Solid organ and bone marrow transplantation
Everalimus mTOR Renal cell carcinoma, Subependymal Giant Cell

Astrocytoma (SEGA) associated with Tuberous
Sclerasis (TS) and Progressive Meurcendocrine
Tumars of Pancreatic Origin (PNET)

Temsirolimus mTOR Renal cell carcinoma

Monoclonal antibodies binding to receptor frosine kingses

Traswzurmab ERBBE2 Breast cancer

Cetuximab EGFR Colorectal cancer, and squamous carcinoma of
head and neck

Panitumurmab EGFR Colorectal cancer

Bevacizumab VEGF Colorectal cancer, non-small cell lung cancer,
breast cancers, glioblastoma and renal cell
carcinoma

Table 1 US FDA-approved kinase inhibitors. Table adapted from Kontzias et al., 2012.
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1.4.1 INKs are prominent members of MAPKSs

Because it is well known that JNKs are deeply involved in pathologic conditions including diabetes,
neurodegenerative disorders, arthritis, atherosclerosis and cancer (Hirosumi et al., 2002; Borsello and
Forloni, 2007; Kaneto et al., 2005; Thalhamer et al., 2008; Chen et al., 2001), it is not surprising that
much efforts towards inhibitors against JNKs are underway. Although some debate exists regarding
the roles of JNKs in cancer, they are up-regulated in several types of cancer, such as liver and prostate
cancers. JNKs are best known for their role in the activation of the c-Jun/activator protein-1 (AP-1)
transcription—factor complex (Adler et al.,, 1992). AP-1 activation is required for neoplastic
transformation and for skin tumor formation in mice. Phophorylation of c-Jun by JNKSs activity has
been shown to play an important role in Ras-induced tumorigenesis and Ras, in cooperation with c-Jun,
has been found essential in cellular transformation (Smeal et al, 1991, Kennedy and Davis, 2003).
Tumor formation is inhibited in c-Jun-knock out mice. Recent study suggested that the interaction of
the tumor suppressor p16INK4a with JNK1 can occur at the same site where c-Jun binds, and that it
interferes with the phosphorylation and activation of c-Jun in response to UV exposure (Tournier et al.,
2000). Additionally, JNKs are crucial mediators of obesity and insulin resistance in type Il diabetes.
JNK1 phosphorylates IRS-1 that downregulates insulin signaling and JNK1 knockout mice show less
increase in diet-induced obesity (Aguirre et al., 2000, 2002; Hirosumi et al., 2002; Sabio and Davis,
2010). Besides the function in metabolic diseases, several studies have shown that JNKs are causally
linked to aberrant neurodegeneration, particularly in Alzheimer's and Parkinson's diseases (Kyriakis
and Avruch, 2001; Zhang and Zhang, 2005; Hunot et al., 2004; Borsello and Forloni, 2007). In concert
with JNK2, JNK1 has also been implicated in autoimmune disorders such as asthma and rheumatic
diseases (Han et al., 2002; Wong, 2005; Pelaia et al., 2005; Blease et al., 2003; Chialda et al., 2005).
These links between abnormal JNK signaling and a lot of pathologic conditions contribute to develop
small molecule JNK inhibitors, suggesting inhibition of JNKs might provide clinical benefits in these

devastating diseases.

To date, several crystal structures of JNKs in complex with synthetic inhibitors have been solved

(Figure 4). The synthetic small molecule JNK inhibitors shown in Figure 4 include examples from the
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diaryl-imidazoles (as reported by scientists at Merck, Scapin et al., 2003), (benzoylaminomethyl)
thiophene sulfonamides (Serono, Ruckle et al., 2004), dihydro-pyrrolo-imidazoles (Eisai, Graczyk et
al., 2005), (benzothiazol-2-yl) acetonitrile (known as AS601245; Serono, Gaillard et al., 2005),
anilinoindazoles and anilino-bipyridines (Astra Zeneca, Swahn et al., 2005; Swahn et al., 2006), as
well as pyrazologuinolinones, aminopyridines, pyridine carboxamides and anilino-pyrimidines
(Abbott, Liu et al., 2006; Szczepankiewicz et al., 2006; Zhao et al., 2006; Liu et al., 2007).
Especially, the diaryl-imidazoles (known as SP 600125) are most frequently used as reversible and
ATP competitive inhibitors in JNK signaling with high potency in the range of 50-100 nM and
selectivity (Bennett et al, 2001; Maroney et al., 2001). The interaction between SP600125 and JNK3
have been revealed by the co-crystal structure (Figure 5). The residues 170, V79, V196, L206 and
Q155 on JNK3 produce a narrow ATP-binding pocket which allows the accommodation of planar

SP600125 (Scapin et al., 2003).

However, to date, no inhibitors for JNKs have been approved to be effective for use in humans yet.

Figure 4 Structures of complexes of INK with ATP-competitive inhibitors or the INK-inhibitory peptide
derived from JIP. Crystal structures have been recorded in the PDB for JNK in the presence of a number of
different ATP-competitive inhibitors. These include 1PMN: diaryl-imidazoles (Merck, Scapin et al., 2003),

2B1P: anilinoindazoles (Astra Zeneca, Swahn et al., 2005), 2GO1: pyrazoloquinolinones, 2GMX:
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aminopyridines and 2H96: pyridine carboxamides (Abbott, Szczepankiewicz et al., 2006; Zhao et al., 2006; Liu
et al., 2006), 2EXC: anilino-bipyridines (Astra Zeneca, Swahn et al., 2006) and ZNO3: anilino-pyrimidines
(Abbott, Liu et al., 2007). The complex of INK1 with SP600125 and the JNK inhibitory peptide derived from

JIP1 is also indicated in 1UKI. Figure adapted from Bogoyevitch and Arthur; 2008

1.4.2 Natural product inhibitors of MAPKSs

Small-molecule kinase inhibitors are being intensively highlighted as new anticancer therapeutics. A
vast amount of research has been carried out over the past few decades and tremendous advances have
been made in drug discovery. In addition, natural products derived from plants have received attention
more and more for the discovery of novel therapeutic agents to treat human diseases (Newman, 2008;
Newman et al., 2003). Traditionally, natural products have been promising resources for a multitude of
disease indications. In fact, more than half of current therapeutics are either from natural products or
their derivatives. Many researchers have made efforts to identify novel natural products, in particular,

flavonoids which play a highly significant role in various oncogenic signaling pathways (Table 2).
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Group Polyphenol Soune Chemical structure Direct binding Reference
proten
Flavonols S5-Deoxykaempferol  Woundwort REKZ, PB-K, Src Lee et al., 2010e

(Anthylis vulneraria)

Kaempferol Tea brocooli, delphinium, ou REKZ, PB-K, Src Cho et al, 2009; Lee et al., 2010d;

witch-hazel, grapefruit, S Lee et al., 20000

brussel sprouts, apples
Quercetin Black jgreen tea, capers, Raf-1, MEK1, PI3-K Lee et al., 2008h;

lovage, apples, onon, OH Hwang et al., 2009a

red grapes, citrus fruit, OH

tomato, brocooli, berries = “Tf'

T
“L OH
H

Myricetin Onions, berries, grapes Raf-1, Fyn, MEK1, Lee et al, 2007; jung et al,

MEK4, [AKT, PI3-K 2008; Kim et al., 20094;
Kumamaoto et al., 2009; jung et al,
2010a; jung et al., 2010b

Fisetin Acacia gregei, Acacia CDKG Lui et al, 2005; Chen
berlandieri, parrot tree, et al, 2010
CYpPrEss
Flavones Luteolin Onions, brocooli, celery PKCe, Src Byun et al, 2010

Table 2 Direct binding proteins with polyphenols in carcinogenesis. Table partly adapted from Kang et al.,

2011.

Flavonoids have been known for some time for their general chemopreventive effects in human health,
which might be explained partially by the identification of the molecular targets and their mechanism
of action (Edwards et al., 1990; Holder et al., 2007). Recent studies demonstrate that flavonoids can
directly target signaling cascades involved in carcinogenesis. 5-deoxykaempferol (5-DK) is a natural
compound found in Anthyllis vulneraria. 5-DK had a chemopreventive effect on UVB-induced skin

carcinogenesis such as UVB-induced expression of COX-2 and VEGF in mouse skin by targeting
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multiple signaling molecules (Lee et al., 2010e). Moreover, Kaempferol, which has been isolated from
tea, broccoli cabbage, propolis and grapefruit, is an antioxidant showing anti-inflammatory effects.
Kaempferol regulated RSK2-mediated cancer signaling by directly binding to RSK2 (Cho et al., 2009).
Quercetin is well known to be a potent anti-carcinogenic agent found in many plants and foods, such
as red wine, onions, green tea, apples and berries. Its content in red wine is more than 30 times that of
resveratrol (Waterhouse, 2002). It has been demonstrated that quercetin inhibited TPA-induced cell
transformation and MEK1 and Raf-1 kinase (Lee et al., 2008b). The inhibitory effects of these
flavonoids as direct inhibitors against protein kinases strongly support the hypothesis that the
development of natural products, in particular flavonoids can be regarded as a rational approach for

the treatment of carcinogenesis.

Although some debate exists regarding the lack of specificity of natural products, it can actually be an
advantage because of its two distinct features, less toxicity and a multi-signaling inhibitory effect
(Kang et al., 2011). Generally, most of the current synthetic kinase inhibitors target a specific kinase
of interest with high selectivity. However quite a few synthetic inhibitors were shown to have high
toxicity or adverse side effects in clinical trials. Conversely, natural products including flavonoids are
relatively less toxic since they are usually consumed for long periods of time as ingredients in food
and drinks. In addition, a single natural product can directly bind and regulate many signal regulatory
molecules as shown in Table 2. So this can prove advantageous as it can yield opportunities to use a
single natural product as a multiple signaling inhibitor for the treatment of several clinical indications
that are correlated with various kinases. These aforementioned facts indicate that natural products can
be considered as novel therapeutic agents with effectiveness for overcoming the difficulty of synthetic

inhibitors.

1.5 Crosstalk between PI3K and JNK MAP kinase
The phosphatidylinositol 3-kinases (PI3Ks) signaling pathway has been identified as a key regulatory
player in many essential cellular processes that link cell survival, proliferation and differentiation,

death, vesicle trafficking and motility (Engelman et al., 2006; Martin, 1998; Vivanco and Sawyers,


http://en.wikipedia.org/wiki/Tea
http://en.wikipedia.org/wiki/Broccoli
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Figure 5 Structure of the INK complex with the ATP-competitive inhibitor SP600125. SP600125 has been
co-crystallised with JNK3, and the resulting structure has been recorded in the Protein DataBase (PDB) as
1PMV (Scapin et al., 2003). Here, the residues in JNK3 not conserved in p38-2, namely 170, V79, V196, L206
and Q155, are highlighted. Although these residues were predicted to most likely contribute to the specificity of
SP600125 towards JNK1/2/3 over the p38 MAPKSs (Scapin et al., 2003), subsequent mutagenesis studies further
work is required to evaluate which residues make major contributions to binding (Fricker et al., 2005). Figure

adapted from Bogoyevitch and Arthur; 2008.

2002; Bader et al., 2005). PI3Ks are divided into three distant subclasses: Class I, Class Il and Class
111, which are classified according to their primary structure and substrate specificity (Engelman et al.,
2006; Fruman et al., 1998; Katso et al., 2001; Leevers et al., 1999; Vanhaesebroeck et al., 2010).
Among them, the most extensively studied is the class | enzyme that is activated directly via cell
surface receptors. PI3K can be stimulated by various growth factors and cytokines, thereby activating
a serine/threonine protein kinase known as AKT (also called as protein kinase B, PKB). There have
been a large number of studies on the PI3K pathway which implicate that this pathway is activated in a
broad range of human cancers including skin cancer, in inflammation as well as cardiovascular and
metabolic diseases (Cantley, 2002). Indeed, many findings have demonstrated that the tumor

suppressor PTEN (phosphatase and tensin homologue) is the most pivotal negative regulator of PI3K
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signaling pathway (Cully et al., 2006; Cantley and Neel, 1999) and mutation of PTEN, which is the
second most commonly found tumor suppressor followed by p53 in human cancers, results in
unrestrained PI3K signaling pathway, leading to cancer (Cully et al., 2006). PTEN functionally acts as
a tumor suppressor by antagonizing PI13K action through its phosphatase activity. Moreover, PTEN
also regulates JNK activity and function. Vivanco et al. recently showed, using a fascinating screening
technique, that JNK pathway activation is a major consequence of PTEN loss, suggesting that PI3-K
promotes cancer progression by inducing the parallel activation of AKT and JNKs (Vivanco et al.,
2007). PTEN deficiency sensitizes cells to JNK inhibition and negative feedback regulation of PI3-K
was impaired in PTEN-null cells. Similarly, another group has revealed that inhibition of PI3K
triggered increase in JNK phosphorylation and islet cell death, which could be reversed by SP600125,

the specific JINK inhibitor (Aikin et al., 2004).

Taken together, dual JNKs and PI3-K inhibition might be a novel and effective therapeutic approach in

patients, preventing feedback and cross talk.
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2. Materials and Methods

2.1 Materials

2.1.1 Chemicals, enzymes, primers and equipments

All chemicals were purchased from Merck, Sigma-Aldrich or Carl Roth unless otherwise stated.
(>99% pure) Oligonucleotides for PCR were synthesized by Metabion Enzymes used for PCR and
cloning were from Fermentas, New England Biolabs, Stratagene and Takara. All cloning vectors used
here were purchased from Novagen. All chromatographic materials and columns were obtained from

GE Healthcare (AKTA system).

2.2 Methods

2.2.1 Cloning and protein expression

The C-terminal truncated form of human JNK1al (residues 1-364) was generated by a standard PCR-
based cloning strategy. The PCR product was inserted into the pET21b expression vector with a 6His-
tag at the C-terminus and this plasmid was transformed into E. coli BL21-CodonPlus (DE3)-RIL

expression cells (Stratagene).

2.2.2 Protein purification

All purification steps were performed at 4°C. The transformant cells were grown in LB medium at
37 °C up to an ODggo of 0.6. Protein expression was induced by adding 1 mM IPTG, and the cells were
grown for 15 h. Cells were harvested by centrifugation; resuspended in buffer A containing 50 mM
Hepes (pH 7.2), 10% glycerol, 100 mM NacCl, 2 mM (- mercaptoethanol and protease inhibitors (0.1
mM phenylmethylsulfonyl fluoride, 1 pg/mL leupeptin, and 1 pg/ mL pepstatin), and frozen quickly
by immersion in liquid nitrogen. For purification, cells were thawed, sonicated, and centrifuged to
remove insoluble debris. The supernatant was passed through a 10-mL Ni-NTA Superflow column.

The column was washed with resuspension buffer A and then washed again with buffer A plus 10 mM
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imidazole. The protein was eluted with buffer A plus 250 mM imidazole. The eluted protein was
dialyzed against buffer B (20 mM Hepes, pH 7.0, 10% glycerol, 50 mM NaCl, and 2 mM DTT) and
applied to an SP Sepharose cation-exchange column. The column was washed with seven column
volumes of buffer B and bound protein was then eluted with a 10-column-volume linear gradient of
50-400 mM NaCl. The eluted protein from the SP-Sepharose column was concentrated and passed
over a gel-filtration column (Superdex 200) preequilibrated with buffer C (25 mM Hepes, pH 7.0, 5%
glycerol, 50 mM NaCl, and 10 mM DTT). Peak fractions were concentrated to 10 mg/mL as measured

by the Bradford method. Purity was judged to be 98% by Coomassie Blue-stained SDS-PAGE.

2.2.3 Crystallization and data collection

Before the crystallization trial, the purified protein was mixed with a peptide fragment of JIP1
(pepJIP1: synthesized from the core facility of MPI-Biochemistry) with the amino acid sequence
“RPKRPTTLNLF” at a molar ratio of 1:5 and incubated on ice for 3 h to allow complex formation. To
obtain the INK1-pepJIP1-quercetagetin ternary complex, the INK1-pepJIP1 complex was mixed with
a 10-fold excess of quercetagetin and concentrated it to approximately 10 mg/mL. Crystallization was
achieved at 4 °C by vapor diffusion using the sitting drop method and a protein-to-well solution ratio
of 1:1 with well solution containing 2.1 M (NH4)2SO4 and 0.1 M 2-[bis (2-hydroxyethyl) amino]-2-
(hydroxymethyl) propane-1,3-diol (pH 5.5). Single crystals grew within 1 week to an average size of
0.3 mm x 0.1 mm x 0.1 mm. Crystals were transferred to cryoprotectant solution containing well
solution plus 25% (v/v) ethylene glycol for a few seconds and then flash-frozen in liquid nitrogen.
Data sets were collected at 100 K on the PXII beamline at the Swiss Light Source synchrotron (Paul

Scherrer Institute, Switzerland) and processed using XDS and XSCALE software.

2.2.4 Structure determination and refinement

The structures of the INK1-pepJIP1-quercetagetin ternary complex were solved with the molecular
replacement program Phaser using the N- and C-terminal domains of the structure of the binary
complex JNK1-pepJIP1 separately (PDB ID: 1UKH). The crystals, which belonged to space group

P2:2:21, were isomorphous to the ZUKH unit cells and did not contain interpretable ligand density.
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The other space group, 1422, contained an interpretable ligand density in the ATP-binding site. The
model was subsequently improved by rigid-body refinement of the individual domains and restrained
refinement using Refmac and rebuilt using Coot and X-fit. Water molecules were added by

ARP/WARP.

2.2.5 IMAP assay

An IMAP assay was carried out in accordance with the instructions provided by Molecular Devices.
The IMAP reaction was carried out with recombinant JNK1 in 384-well black plates containing
serially diluted test compounds. The reaction contained 7.46 uM ATP, 100 nM JNKI1, 400 nM
fluorescein-isothiocyanate-labeled JNK1 substrate peptide (LVEPLTPSGEAPNQK-5FAM-COQH),
20 mM Mops (pH 6.5), 1 mM DTT, 10 mM MgCl,, and 0.01% Brij35. It was incubated for 1 h at
room temperature with the addition of IMAP Binding Buffer (a 1:1200 dilution of IMAP Progressive
Binding Reagent in 65% IMAP Progressive Binding Buffer A/45% IMAP Progressive Binding Buffer
B). Then, the plate was read using a PHERAstar Plus microplate reader from BMG Labtech. The
excitation and emission wavelengths were 485 nm with a bandwidth of 20 nm and 530 nm with a

bandwidth of 25 nm, respectively.

2.2.6 Docking simulations

To further evaluate the binding affinity of quercetagetin in comparison with other flavonoids, we
performed a series of docking simulations. A set of five inhibitors (flavonoids: quercetagetin,
quercetin, myricetin, kaempferol and the commercially available inhibitor SP600126) was docked in
the ATP-binding sites of two JNK1 structures: (1) JNK1 in complex with quercetagetin and (2) the
apoprotein structure (PDB 1D 1UKH). A 25-A simulation box was defined around the binding pocket.
The geometric center of the docking box was chosen to coincide with the molecule's center of mass.
The docking procedure consisted of three stages: (1) inhibitor—receptor pose generation, (2) pose
minimization, and (3) scoring of the final pose. After the first stage, 400 poses were selected for
energy minimization (100 steps of Steepest Descent). The XPscoring function of Glide version 5.6

was used to evaluate the final pose. No constraints were imposed on the system.
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2.2.7 Molecular modeling and docking

Insight Il (Accelrys, Inc., San Diego, CA) was used for docking studies and structure analysis with the
crystal coordinates of PI3-K in complex with quercetin (PDB ID: 1E8W). Docking was subsequently
performed using the XP-scoring function of Glide version 5.6 (Schrodinger, LLC, New York, NY,
2010). No constraints were imposed on the system. For each ligand, 400 poses were selected for

energy minimization (100 steps Steepest Descent) and scoring.

2.2.8 In vitro JNK1 kinase assay

The in vitro kinase assay was conducted in accordance with the instructions provided by Upstate
Biotechnology. Briefly, each reaction contained 20 pL of assay dilution buffer [20 mmol/L Mops (pH
7.2), 25 mM B-glycerophosphate, 5 mM ethylene glycol bis (B-aminoethyl ether) N, N'-tetraacetic acid,
1 mM sodium orthovanadate (Na;V0O.), and 1 mM DTT] and a magnesium-ATP cocktail buffer. For
JNK1, the activating transcription factor 2 substrate peptide was included at a concentration of 3 pM.
Active JNK1 protein (20 ng) and 10 pL of diluted [y-32P] ATP solution were incubated at 30 °C for
10 min with the above assay buffer and substrate peptide, and then 15-uL aliquots were transferred
onto p81 paper and washed three times with 0.75% phosphoric acid (5 min per wash) and once with
acetone (5 min). The incorporation of radioactivity was determined using a scintillation counter

(LS6500, Beckman Coulter). Each experiment was performed in triplicate.

2.2.9 In vitro P13-K kinase assay

Active PI3-K protein (100 ng) was incubated with quercetagetin for 10 min at 30 °C. The mixture was
then incubated with 20 uL of 0.5 mg/mL phosphatidylinositol (Avanti Polar Lipids, Alabaster, AL) for
5 min at room temperature and then incubated in reaction buffer [100 mM N-2-
hydroxyethylpiperazine-N’'-2-ethanesulfonic acid (pH 7.6), 50 mM MgCI2, and 250 uM ATP]
containing 10 uCi of [y-32P] ATP for an additional 10 min at 30 °C. The reaction was stopped by
adding 15 pL of 4 N HCI and 130 pL of chloroform:methanol (1:1). After vortexing, 30 pL of the
lower chloroform phase was spotted onto a 1% potassium-oxalate-coated silica gel plate, which had

previously been activated through incubation for 1 h at 110 °C. The resulting 32P-labeled
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phosphatidylinositol-3-phosphate was separated by thinlayer chromatography, and the radiolabeled

spots were visualized by autoradiography.

2.2.10 Cell culture

JB6 P+ and H-Ras-transformed JB6 P+ mouse epidermal (H-Ras JB6 P+) cells were cultured in
monolayers at 37°C in a 5% CO; incubator in MEM containing 5% FBS, 2 mM L-glutamine, and 25
pg/mL gentamicin. NIH/3T3 cells were cultured in DMEM supplemented with 10% bovine calf serum
in a 37°C, 5% CO; incubator. The cells were maintained by splitting at 80% to 90% confluence, and

media were changed every 3 days

2.2.11 In vitro and ex vivo pull-down assay

Recombinant JNK1 (2 pg) or PI3-K (2 ug), or a JB6 P+ cellular supernatant fraction (500 ug
protein), was incubated with quercetagetin/Sepharose 4B beads (100 pL, 50% slurry) or Sephar
ose 4B beads (as a control) in reaction buffer [50 mM Tris-HCI (pH 7.5), 5 mM EDTA, 150
mM NaCl, 1 mM DTT, 0.01% NP40, 2 pg/mL bovine serum albumin, 0.02 mM phenylmethyl
sulfonyl fluoride, 1x protease inhibitor mixture]. After incubation with gentle rocking overnight
at 4°C, the beads were washed five times with buffer (50 mM Tris-HCI pH 7.5, 5 mM EDT
A, 150 mM NaCl, 1 mM DTT, 0.01% NP40, 0.02 mM phenylmethylsulfonyl fluoride), and pr

oteins bound to the beads were analyzed by Western blotting.

2.2.12 ATP competition assay

Recombinant JNK1 (2 pg) or PI3-K (2 pg) was incubated with 100 pL of quercetagetin/Sepha
rose 4B or 100 pL of Sepharose 4B in reaction buffer (see in vitro and ex vivo pull-down as
says) for 12 h at 4°C, and ATP was added at a concentration of either 10 or 100 uM to afin
al volume of 500 pL. The samples were incubated for 30 min, and then were washed, andpro

teins were detected by Western blotting.

2.2.13 Western blot analysis
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After the cells (1.5 x 10°) were cultured in a 10-cm dish for 48 h, they were starved in serum-free
medium for an additional 24 h. The cells were then treated with quercetagetin at concentrations of 0 to
20 uM for the indicated time periods before being exposed to 4 kJ/m? UVB and then harvested 30 min
later. Cells were disrupted, and the supernatant fractions were boiled for 5 min. The protein
concentration was determined using a dye-binding protein assay kit (Bio-Rad Laboratories) as
described in the manufacturer’s manual. Lysate protein (20 pg) was subjected to 10% SDS-PAGE and
then transferred to a polyvinylidene difluoride membrane. After blocking, the membrane was
incubated with the appropriate specific primary antibody at 4°C overnight. Protein bands were
visualized using a chemiluminescence detection kit after hybridization with the appropriate
horseradish peroxidase-conjugated secondary antibody. The relative amounts of proteins associated

with specific antibodies were quantified using Scion Image (NIH, Bethesda, MD).

2.2.14 Luciferase assay

AP-1 or NF-xB luciferase reporter-transfected JB6 P+ cells (8 x 10%mL) suspended in 100
L of 5% FBS/MEM were added to each well of a 96-well plate and incubated at 37°C/5% C
O2. At 80-90% confluence, cells were cultured in 0.1% FBS-MEM for 24 h. Cells were treate
d for 1 h with quercetagetin (0-20 uM), and then exposed to 4 kJ/m? UVB and harvested aft
er 24 h. After treatment, cells were disrupted with 100 pL of lysis buffer (0.1 M potassium p
hosphate buffer pH 7.8, 1% Triton X-100, 1 mM dithiothreitol (DTT), 2 mM EDTA) and luci
ferase activity was measured using a luminometer (Luminoskan Ascent; Thermo Electron, Hels

inki, Finland).

2.2.15 Focus-forming assay

For the focus-forming assay, the pcDNA3.1-v5-JNK1 plasmid was constructed as previously de
scribed (Colburn et al., 1981). Transformation of NIH3T3 cells was conducted according to stan
dard protocols. Cells were transiently transfected with various combinations of H-Ras®?V (50
ng) and pcDNA3-mock (compensation for equal amount of DNA) plasmids as indicated in fig

ures, and then cultured in 5% FBS-DMEM for 2 weeks. Foci were fixed with methanol, stain
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ed with 0.5% crystal violet, and then counted under a microscope using the Image-Pro PLUS

software program (v. 4, Media Cybernetics).

2.2.16 Anchorage-independent cell transformation assay

The effects of quercetagetin on H-Ras-induced JB6 cells were investigated. Basal medium Eagl
e agar (0.5%, 3.5 mL) containing 10% FBS with or without quercetagetin was layered onto e
ach well of 6-well plates. H-Ras JB6 cells (8 x 10%/mL) treated or not treated with quercetag
etin were mixed with 1 mL of 0.33% basal medium Eagle agar containing 10% FBS and lay
ered on top of the 0.5% agar layer. The separate cultures were maintained at 37°C in a 5%C
O incubator for 14 days, at which time the cell colonies were counted under a microscopewit

h the aid of the Image-Pro Plus software program.

2.2.17 Mouse skin tumorigenesis analysis

Skin carcinogenesis in mice was induced using a UVB irradiation system. The UVB radiation
source (Bio-Link cross-linker; Vilber Lourmat) emitted at wavelengths of 254, 312, and 365 n
m, with peak emission at 312 nm. SKH-1 hairless mice were divided into 4 groups of 15 ani
mals each. In control mice, the dorsal skin was topically treated with 200 pL of acetone only
. In the UVB mouse group, the dorsal skin was topically treated with 200 pL of acetone 1 h
before UVB irradiation. The mice in the third and fourth groups received topical application o
f quercetagetin (4 or 20 nmol) in 200 uL of acetone 1 h before UVB irradiation. The UVB
dose was 0.18 J/cm? Mice were irradiated 3 times per week for 28 weeks. The incidence of
skin tumors was recorded weekly, and a tumor was defined as an outgrowth of > 1 mm in d
iameter that persisted for 2 weeks or more. Tumor incidence, multiplicity, and volume were re

corded every week until the end of the experiment.
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Part 11

Structure of the stapled p53 peptide bound to HDM2

Summary

HDMZ2 is a major negative regulator of the tumor suppressor p53 protein, a protein that plays a crucial

role in maintaining genome integrity. Inactivation of p53 is the most prevalent defect in human
cancers. Inhibitors of the HDM2-p53 interaction that restore functional p53 constitute potential
nongenotoxic anticancer agents with a novel mode of action. | present here a 2.0 A resolution structure
of HDM2 with a bound stapled p53 peptide (SAH-p53-8). Such peptides, which are conformationally
and proteolytically stabilized with all-hydrocarbon staples, are an emerging class of biologics that are
capable of disrupting protein-protein interactions and thus have broad therapeutic potential. The
structure represents the first crystal structure of an i, i + 7 stapled peptide bound to its target and
reveals that SAH-p53-8 uses its Phel9, Trp23, and Leu26 to fill the binding site in a manner similar to
the native p53 peptide. This structural analysis of HDM2 in complex with the SAH-p53-8 suggests
that acting solely as a passive conformational brace - a staple can intimately interact with the surface

of a protein and augment the binding interface.
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Die Struktur eines gestapelten p53 Peptids im Komplex mit HDM?2

Zusammenfassung

HDM2 ist einer der wichtigsten negativen Regulatoren des Tumorsuppressorproteins p53. Die
Inaktivierung von p53 stellt den haufigsten Defekt in humanen Krebserkrankungen dar. Als nicht-
genotoxische Antikrebsmedikamente zeigen Inhibitoren der HDM2-p53 Interaktion einen neuartigen
Wirkmechanismus zur Wiederherstellung der Funktionalitit von p53. Im Folgenden beschreibe ich die
bei 2.0 A aufgeldste Kristallstruktur von HDM2 in Komplex mit einem gestapeltem p53 Peptid (SAH-
p53-8). Diese neu aufkommende Klasse von konformationell und proteolytisch stabilisierten Peptiden
kann Protein-Protein-Interaktionen stéren und hat dadurch ein breites therapeutisches
Anwendungspotential. Die weltweit erste Kristallstruktur eines an sein Zielmolekul gebundenen i, i +
7 gestapelten Peptids zeigt, dass die Aminosduren Phel9, Trp23 und Leu26 in SAH-p53-8 die
Bindungsstelle in &hnlicher Weise ausfiillen wie das native p53 Peptid. Die strukturelle Analyse von
HDM2 in Komplex mit SAH-p53-8 verdeutlicht, dass alleine durch die Aufrechterhaltung einer
spezifischen Konformation die Interaktionsflache zwischen gestapeltem Peptid und Zielmolekiil

gerichtet vergroRert und die Bindungsaffinitat dadurch gesteigert werden kann.
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1. Introduction

1.1 The Role of p53 in Cell Cycle Regulation

The cell cycle is a highly ordered and regulated process leading to the division, duplication and
transmission of genetic information from one cell generation to the next: DNA replication and
chromosome segregation into two separate cells. The cell cycle is divided into distinct phases: G1, S,
G2, and M. G1 (Gapl) is also called the growth phase, an interphase between M phase (mitosis) and S
phase (DNA synthesis). The cells grow in size in G1 phase and DNA synthesis (replication) occurs
during S phase. G2 (Gap2) is the second gap between DNA synthesis and mitosis, the cells continue to
grow for the process of division. During M (mitosis) phase which is a relatively short period within the
cell cycle, the cells growth stop, the replicated chromosomes are segregated into two daughter cells
and cells division occurs. The whole process results in two identical daughter cells. In addition to G1,
S, G2, and M, the term GO refers to a phase where the cells become quiescent (out of the cycle)
(Figure 1). The regulation of the cell cycle should ensure that each phase is complete before moving
on to the next phase. Thus, several checkpoints are designed to monitor and regulate the progression of
the cell cycle (Hartwell and Weinert, 1989; Stephen, 1996). The checkpoints ensure that the cells can’t
proceed to the next cell cycle phase until the previous step is fully completed. Two important
checkpoints have been identified: the G1/S checkpoint placed in late G1 before the cells enter S phase
and the G2/M checkpoint placed in the G2/M interface after DNA relplication. p53 plays a prominent
role in the quality control of the cell cycle at both G1/S and G2/M checkpoints. The G1/S checkpoint
is also known as restriction point (Robbins et al., 2004), a rate-limiting step that arrests the cell cycle
to allow time for the inhibition of DNA replication and DNA repair in damaged or mutated cells at the
G1/S transition (Kastan et al., 1991; Lin et al., 1992), following the detection of DNA damage. At this
point, cell cycle arrest is mediated by p53. Normally, the cellular level of p53 is low but the induction
of p53 activity can be increased by DNA damage (Levine, 1997). p53 control of the cell cycle is
driven by p53 inhibition of RB phosphorylation and cyclin/CDK complexes which are negatively
regulated by CDK inhibitors (Sherr and Roberts, 1995). p53 transcriptionally upregulates the CDK

inhibitor, p21 (Agarwal et al., 1998). p21 is one of the well known downstream targets of p53 and a
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major mediator of p53-dependent G1 cell cycle arrest in response to DNA damage. Up-regulated p21
binds to the ZRXL motif of cyclin/CDK2 and cyclin/fCDK4 complexes and inactivates them which
results in hypophosphorylation of Rb, sequestration of E2F and cell cycle arrest preventing the
replication of DNA damage (Roberts and Thompson, 1979; Guillot et al., 1997; Zhan et al., 1993). In
addition to the G1/S checkpoint, p53 has also been associated with the G2/M checkpoint which can
occur by either p53-dependent or -independent mechanisms that lead to G2 arrest (Paules et al., 1995;

Agarwal et al., 1995; Cross et al., 1995).

CDKA
cyclin A/B
1-2 hours

2-4 hours

Prolonged
12-96 hours

2_4 hours Fiestr!ction
point

cyclin A
cyclin E

Figure 1 The Cell Cycle - Times are relative. Figure adapted from Israels and Israels, 2000.

1.2 Structural organization of p53

p53 was first identified in 1979 (Lane and Crawford, 1979; DeLeo et al., 1979; Linzer and Levine,
1979). In human, p53 is a ~53 kDa protein encoded by the TP53 gene, which is located on the short
arm of chromosome 17 (Matlashewski et al., 1984; Isobe et al., 1986; Kern et al., 1991; McBride et al,,
1986). The human p53 protein is composed of 393 amino acids with distinct structural and functional
domains, each of which exerts its function in the regulation of p53 function. (Figure 2a). The N-

terminal domain contains the transactivation domain (subdivided into two subdomains) and a proline-
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rich region with the PXXP sequence (where X is any amino acid). The transactivation domain, TAD
(residues 1-63) is required for transcriptional transactivation (Fields and Jang, 1990) and interacts with
a number of transcriptional factors including acetyltransferase, which regulates p53 through
acetylation of its C-terminus as a co-activator (Gu et al., 1997; Grossman, 2001) and the negative
regulator MDM2, which inhibits the transactivation of p53 (Momand et al., 2000; Marine et al., 2006;
Momand et al., 1992; Oliner et al., 1993).The proline-rich region, PRR (residues 64-92) contains the
SH3-domain binding motif (PXXP) which is believed to exhibit a regulatory role and plays an
important role in efficient p53-mediated growth suppression dictating the specificity and stability of
p53 for the transcriptional activation of downstream gene (Walker and Levine, 1996; Venot et al.,
1998). These N-terminal domains are natively unstructured except for the small region which forms a
nascent turn or helix (Lee et al., 2000; Bell et al., 2002; Dawson et al., 2003). The nascent helix
formation extends into a full amphipathic a-helix (residues 15-29) upon binding to MDM2 (Kussie et
al., 1996). A central core domain is the DNA binding domain (residues 94-292) required for sequence-
specific DNA binding which contains two copies of thelO-bp motif 5’-PuPuPuC(A/T)-
(T/A)GPyPyPy-3’, separated by up to 13 base pairs (El-Deiry et al., 1992; Pavletich et al., 1993;
Bargonetti et al., 1993). It has been reported that most of the cancer mutations are located in this
domain as shown in Figure 2a and disrupt the ability of p53 to bind DNA (Nigro et al., 1989; Kern et
al., 1991). Moreover, studies of the crystal structure of DNA-bound p53 core domain have revealed
that the mutated amino acids in the core domain may alter the structural integrity (Cho et al., 1994;
Pietenpol et al., 1994). The DNA binding domain and the tetramerization domain, OD (residues 325-
355) near the C-terminus are linked by a flexible linker region (Figure 2b). The tetramerization
domain regulates the oligomerization which is essential for p53 function in vivo (Sturzbecher et al.,
1992). The negative regulatory domain, CTD (residues 356-393) at the extreme C-terminus binds
single stranded DNA nonspecifically (Selivanova et al., 1996) and undergoes posttranslational
modifications such as phosphorylation and acetylation (Prives and Manley, 2001; Weinberg et al.,
2004; Friedler et al., 2005). Similarly to the N-terminal domain, this regulatory domain is also

intrinsically unfolded.



Part 1l : Introduction 29

Relative frequency of missense
mutation in human cancer
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[SPUPUPUCIA/T [(ANGPyPYPy | (0-13bp) | PUPUPUCIA [(AMGPYPyPY 3 |
P53 DNA Binding Consensus Sequence

Transactivation of Target Genes

e N e

DNA repair Apoptosis

Figure 2 Signaling and domain structure of p53. (a) p53 contains a natively unfolded amino-terminal
transactivation domain (TAD), which can be further subdivided into the subdomains TAD1 and TAD2, followed
by a proline-rich region (PRR). The structured DNA-binding and tetramerization domains (OD) are connected
through a flexible linker region. The DNA binding consensus sequence for p53 is shown. Similarly to the TAD
region, the regulatory domain at the extreme carboxyl terminus (CTD) is also intrinsically disordered. The
vertical bars indicate the relative missense-mutation frequency in human cancer for each residue based on the

TP53 Mutation Database of the International Agency for Research on Cancer (www-p53.iarc.fr) (Petitjean et al.,
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2007), showing that most cancer mutations are located in the DNA-binding domain. (b) The structure of the
DNA-hinding domain (PDB code 1TSR) (Cho et al. 1994) is shown as a ribbon representation and colored with
a rainbow gradient from the amino terminus (blue) to the carboxyl terminus (red). Sites of cancer hotspot
mutations and essential DNA contacts are shown as stick models. Figures adapted from Stewart and Pietenpol,

2001; Joerger and Fersht, 2010.

1.3 The negative regulator of p53, MDM2

MDM2 (murine double minute 2, HDM2 in human) was first identified in a spontaneously
transformed mouse Balb/c cell line called 3T3-DM (Feki and Irminger-Finger, 2004; Momand et al.,
1992; Fakharzadeh et al., 1991; Fakharzadeh et al., 1993; Hainaut P, Hollstein, 2000), and MDM2 was
later shown to be associated with p53 (Momand et al., 1992).The MDM2-gene encodes a 491 amino
acids-long oncoprotein that serves as a master negative regulator of p53 tumor suppressor. The cellular
levels of p53 and MDMZ2 are mutually regulated by autoregulatory feedback loop (Figure 3), in which
p53 transcriptionally activate MDM2, and MDM2 inhibits the activity of p53 in several ways: (Barak
et al., 1993; Wu et al., 1993) it directly binds to p53 and inhibits p53-mediated transactivation
(Fridman JS and Lowe, 2003), further it induces nuclear-cytoplasmic shuttling of p53 (Vousden KH,
Lu, 2002) and ubiquitinates p53 at several lysine residues in the p53 C-terminus for proteasomal
degradation through its E3 ubiquitin ligase activity (Haupt et al., 1997; Kubbutat and Vousden, 1997).
MDM2 contains two different promoters, termed P1 and P2. The upstream P1 promoter is
constitutively active in most cells (Mendrysa and Perry, 2000). The second promoter P2 which is
located downstream of the p53-binding domain has to two p53-responsive elements (Zauberman et al,
1995) and the transcription from P2 is controlled by p53, forming an auto-regulatory feedback loop.

MDM2 also contains evolutionally conserved domains including including an N-terminal p53 binding
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Figure 3 Regulation of p53 by MDMZ2. p53 and MDM2 form an auto-regulatory feedback loop. p53 stimulates
the expression of MDM2; MDM2 inhibits p53 activity because it blocks its transcriptional activity, favours its
nuclear export and stimulates its degradation. Different cellular signals, such as DNA-damage or oncogene
activation, induce p53 activation. DNA damage favours p53 phosphorylation, preventing its association with
MDMZ2. Activated oncogenes activate the ARF protein, which prevents the MDM2-mediated degradation of p53.
Similarly, inhibitors of the p53-MDM?2 interaction should activate p53 tumour-suppressor activity in tumour
cells that express wild-type p53. These compounds, because they bind to MDM2, could also affect the p53-

independent activities of MDMZ2. Figure adapted from Chene, 2003.

domain that binds to the transactivation domain of p53 suppressing its ability to activate transcription
(Kussie et al., 1996). The central acidic domain of MDMZ2 appears to be important for regulation of its
function through the phosphorylation of residues within this domain, and moreover it is necessary for
interaction with a number of proteins including p14ARF, p300/ CBP (CREB-binding protein) and
YY1 (Bothner et al., 2001; Sui et al., 2004). The nuclear localization signal and the nuclear export
signal are located between the p53-binding domain and the acidic domain (Hay and Meek, 2000).
Another well-conserved domain is zinc finger domain that plays an important role in the interaction
between MDMZ2 and ribosomal proteins and the degradation of p53 under ribosomal stress condition
(Lindstrom et al., 2007). MDM2 also contains a RING-finger domain located at the C-terminus, which
is common in E3 ligases and is critical for E3 ligase activity towards p53 as well as itself (Fang et al.,

2000). This domain contains a Cys3-His2-Cys3 consensus that coordinates two molecules of zinc
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which is essential for proper folding of the RING domain (Boddy et al., 1994). In addition, the RING-
finger domain at the C-terminal domain of MDM2 is required to interact and ubiquitinate MDMX

(Pan and Chen, 2003) (Figure 4).

p53-binding Acidic
domain domain Zn RING

NLS NES

18 101 178 182 237 288 2.89 331 436 466 473 482

Figure 4 Primary structure of MDMZ2. The p53-binding domain, zinc (Zn) finger and RING finger [containing

the nucleolar location signal (NoLS)] are represented. Figure adapted from Marine et al., 2007.

The crystal structure of the amino terminus of HDM2 (residues 17-125) in complex with the amino
terminus of human p53 (residues 15-29) was solved by Kussie, P.H. et al (Kussie et al., 1996) (Figure
5), which have provided atomic details of the interaction between these two proteins. This structure
revealed that the interaction of HDM2 and p53 is mediated by a well-defined hydrophobic surface
pocket in HDM2 and the hydrophobic face of the amphipathic p53 a-helix, in particular, a triad of
three key hydrophobic residues in p53: Phel9, Trp23, and Leu26 making contact, which fit into a deep
hydrophobic cleft in HDM2. These same p53 residues which are buried deep with the cleft of HDM2
are also involved in transactivation, supporting the hypothesis that HDM2 inactivates p53 by
concealing its transactivation domain. Thrl8 in the region of direct contact with HDMZ2 is critical for
the stability of a p53 a-helix (Kussie et al., 1996) and a charge-charge repulsion that destabilizes the
interaction of p53 and HDM2 is introduced by phosphorylation of Thrl18. The crystal structure also
showed that an additional interaction is formed by the indole group of Trp23 in p53 and the carbonyl
group of Leu54 in HDM2 located deep inside the cleft. The cleft of HDMZ2 is formed by amino acids
26-108 and comprises two structurally similar portions that fold up into a deep groove lined by 14
hydrophobic and aromatic residues (Kussie et al., 1992). The interactions between p53 and HDM?2 are

tightly regulated, showing a tight key-lock configuration of the p53-HDM2 interface.
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Figure 5 Crystal structure of HDM2 protein complexed with p53 peptide (residues 13-29). Figure adapted

from Wang et al., 2012,

1.4 Inhibitors of the p53-HDM2 interaction as a promising therapeutic strategy

The tumor suppressor p53 protein, “the guardian of the genome,” plays a central role in maintaining
the integrity of the genome and implicates in diverse types of cancers (Lane, 1992).Consistent with its
prominent role, p53 is has been found to be inactivated by mutation or deletion in approximately 50%
of human cancers (Feki and Irminger-Finger, 2004; Miller and Koeffler, 1993; Greenblatt et al., 1994).
Since the function of wild-type p53 is effectively inhibited by HDM2 in cancers, the restoration of the
impaired function of p53 by disrupting the interaction of HDM2-p53 provides an attractive therapeutic
strategy across a broad spectrum of cancers (Vassilev, 2007; Murray and Gellman, 2007; Démling,
2008; Bixby et al., 2008; Cheok and Lane, 2008; Shangary and Wang, 2008). The detailed structural
analysis of HDM2 bound to p53 revealed that the relatively compact binding pocket in HDM2 makes
it possible to design peptides, small molecule inhibitors for aiming to inhibit this interaction as a
means to rescue p53. Of note, only HDM2 has structurally well-defined binding sites, whereas p53
undergoes conformational change by phosphorylation, which means that inhibitors should mimic p53
rather than HDM2.

As of today, there are several small molecules and peptidic inhibitors have been designed to sit in the
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p53 binding pocket of HDMZ2, which are able to disrupt the HDM2-p53 interaction with high (nM)
affinity and specificity, (Vassilev et al., 2004; Shangary and Wang, 2008; Grasberger BL, et al. 2005)
thereby blocking the HDM2-mediated p53 ubiquitination and degradation of p53, leading to the
accumulation and the transcriptional activation of p53. The first reported inhibitors have been
identified to be chalcone derivatives that broadly have anticancer effects, showing an ability to inhibit
the HDM2-p53 interaction (Stoll et al., 2001; Go et al., 2005). In addition to this biological effect,
their binding mode was determined by NMR. However, these compounds cannot be considered as
drug candidates because of their low potency. In consequence, they do not fully occupy the binding
cleft and only interact with Trp23. In 2004, scientists from Hoffmann-La Roche, Inc. described the
best-documented, potent and specific small molecule HDM2 inhibitor, Nutlin-3 which is a class of cis-
imidazolidine analogues screened by HTS, with a crystallographic structure (Vassilev et al., 2004).
Nutlin-3 can bind to HDM2 and inhibit the HDM2-p53 interaction by mimicking the three key
hydrophobic residues in p53, by doing so, leads to cell-cycle arrest and apoptosis and activates p53,
and exhibits antitumor efficacy in vivo (Vassilev et al., 2004). However, several limitations with
Nutlin have been raised. One of them is the high toxicity of inhibiting HDM2 by Nutlin. In case of
peptidic inhibitors based on the modified p53 sequence, they suffer from low cell permeability and are
proteolytically unstable despite of the very high affinity toward MDM2. A successful attempt to
overcome these problems has recently been made by Bernal et al. in designing cyclic peptides that are
closed by an all-hydrocarbon staple (Bernal et al., 2010; Schafmeister et al., 2000; Walensky et al.,
2004). This designed strategy known as ‘‘hydrocarbon stapling”’ installs an all-hydrocarbon cross-link
within peptides to restore an a-helical structure with potential therapeutic benefit including protease
resistance combined with promoted cellular uptake (Bird et al., 2010; Schafmeister et al., 2000;
Walensky et al., 2004). The “‘stabilized alpha-helix’’ of p53 (SAH-p53-8) peptide is one of the
“‘stapled’’ peptides that was derived from the p53 transactivation domain for improving target affinity
and proteolytic resistance (Bernal et al. 2007). SAH-p53-8 was shown to contribute to the enhanced
affinity for HDMZ2 relative to the wild-type peptide (Moellering et al., 2009). Importantly, SAH-p53-8
also targets HDMX, thereby can overcome HDMX-mediated cancer resistance. Although SAH-p53-8

exhibits a 25-fold greater binding preference for HDMX over HDM2 in co-immunoprecipitation
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experiments, it demonstrates cytotoxicity toward cancer cells overexpressing HDM2, HDMX or both
(Bernal et al., 2010) as well as a clue to reactivate p53 pathway in tumors in vitro and in vivo (Joseph
et al., 2010a; Popowicz et al., 2010; Joseph et al., 2010b). Taken together, these finding indicate that

stapled peptides may afford new therapeutic opportunities for p53 activating cancer therapy.
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2. Materials and Methods

2.1 Materials

2.1.1 Chemicals, enzymes, primers and equipments

All chemicals were purchased from Merck, Sigma-Aldrich or Carl Roth unless otherwise stated.
(>99% pure) Oligonucleotides for PCR were synthesized by Metabion Enzymes used for PCR and
cloning were from Fermentas, New England Biolabs, Stratagene and Takara. All cloning vectors used
here were purchased from Novagen. All chromatographic materials and columns were obtained from

GE Healthcare (AKTA system).

2.2 Methods

2.2.1 Cloning
The recombinant human HDM2 (residues 25-111) was cloned into the pET-20 vector without an

affinity tag and expressed in E. coli BL21-CodonPlus(DE3)-RIL expression cells (Stratagene).

2.2.2 Peptide synthesis

SAH-p53-8 was synthesized as previously described (Kim et al., 2011).

2.2.3 Protein expression and purification

For expression of HDMZ2, cells were grown at 37 °C and induced at OD600nm of 0.8 with 1 mM IPTG.
After 5 h induction at 37 °C the cells were harvested by centrifugation. The harvested cells from 5
liters of E. coli cell culture were re-suspended in PBS at pH 7.4 and ruptured by sonication. After
centrifugation the inclusion bodies were washed with PBS containing 0.05% Triton X-100 with
subsequent low-speed centrifugation (12000G). The procedure was repeated three times. The inclusion
bodies were solubilized with 6 M GuHCI in 100 mM Tris-HCI, pH 8.0 including 1 mM EDTA and 10

mM DTT. The protein was dialyzed at 4 °C, against 4 M GuHCI, pH 3.5 including 10 mM DTT. For
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renaturation, the protein was diluted 1:100 in 10 mM Tris- HCI, pH 7.0, containing 1 mM EDTA and
10 mM DTT by adding the denatured protein drop-wise into the refolding buffer. Refolding was
carried out for 10 h at 4 °C. Ammonium sulfate was added to a final concentration of 1.5 M and the
protein was applied to the Butyl Sepharose 4 Fast Flow and subsequently eluted with 100 mM Tris-
HCI, pH 7.2, including 5 mM DTT. The protein was further purified by gel filtration on HiLoad 16/60
Superdex200. The HDM2 containing fractions are mixed with the 2-fold excess of the peptide and
concentrated to about 10 mg/mL before the crystallization trial. The purity and folding of the protein

was measured by SDS-PAGE and 1D NMR.

2.2.4 X-ray crystallography

Crystallization of the HDM2 with the peptide was achieved at room temperature by sitting drop vapor
diffusion and the protein to crystallization solution ratio of 1:1, with the crystallization solution
containing 100 mM Sodium acetate trihydrate, pH 4.75 and 2.5 M NaCl. The crystals appeared in
several days and grew to a final size of 0.1 mm. They were transferred to cryoprotectant solution
containing the crystallization solution supplemented with 25% (v/v) glycerol, then directly plunged
frozen in liquid nitrogen. Native dataset to 2.0 A were collected from a single crystal at 100 K on the
SLS PXII beam line at Paul Scherrer Institute, Villigen, Switzerland and processed using XDS and
XSCALE (Kabsch, 1993) program. The structure of HDM2 from PDB entry 1YCR was used as a
search model after the p53 peptide was removed. The initial Rfactor of the solution was 0.45. The
model was subsequently rebuilt using Xfit (McRee, 1999) and refined using Refmac5 from CCP4
suite (Collaborative Computational Project, Number 4., 1994). Data collection and refinement
statistics are given in table S1. Each asymmetric unit contains two stapled peptide-HDM2 complexes.
Both are virtually identical (RMSD of the main chain atoms 0.7 A) except for the region between
Asp84-Val88 in chain A that is shifted by about 1.2 A due to crystal contacts. The residues outside 18-
27 range in the peptide are generally not visible in electron density (one chain shows additionally
GIn28-Asn30 stabilized due to crystal contacts) indicating that this part is flexible and do not take
direct part in binding to HDM2. Several solvent-exposed side chains had no interpretable electron

density and were removed from the model.
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Abstract

c-Jun NH2-terminal kinases (JNKs) and phosphatidylinositol 3-kinase (PI3-K) play critical roles in chronic
diseases such as cancer, type Il diabetes, and obesity. We describe here the binding of quercetagetin
(8,3',4',5,6,7-hydroxyflavone), related flavonoids, and SP600125 to JNK1 and PI3-K by ATP-competitive and
immobilized metal ion affinity-based fluorescence polarization assays and measure the effect of quercetagetin
on JNK1 and PI3-K activities. Quercetagetin attenuated the phosphorylation of c-Jun and AKT, suppressed
AP-1 and NF-kB promoter activities, and also reduced cell transformation. It attenuated tumor incidence and
reduced tumor volumes in a two-stage skin carcinogenesis mouse model.

Our crystallographic structure determination data show that quercetagetin binds to the ATP-binding site of
JNK1. Notably, the interaction between Lys55, Asp169, and Glu73 of JNK1 and the catechol moiety of
quercetagetin reorients the N-terminal lobe of JNK1, thereby improving compatibility of the ligand with its binding
site. The results of a theoretical docking study suggest a binding mode of PI3-K with the hydroxyl groups of the
catechol moiety forming hydrogen bonds with the side chains of Asp964 and Asp841 in the p110y catalytic
subunit. These interactions could contribute to the high inhibitory activity of quercetagetin against PI3-K. Our study
suggests the potential use of quercetagetin in the prevention or therapy of cancer and other chronic diseases.

© 2012 Elsevier Ltd. All rights reserved.

Introduction family, which also includes the extracellular signal-
regulated kinases (ERKs) and p38 kinases. JNK1

The c-Jun NHo-terminal kinases (JNKs) are a  and JNK2 have a broad tissue distribution, whereas
group of serine/threonine protein kinases that are JNKS3 appears primarily to be localized to neuronal
members of the mitogen-activated protein kinase  tissues and cardiac myocytes.' JNKs are potently

0022-2836/$ - see front matter © 2012 Elsevier Ltd. All rights reserved. J. Mol. Biol. (2013) 425, 411-423
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activated by various inflammatory signals and
stressors, and expression of JNK proteins is frequently
altered in human tumors and cancer cells.? AIthough
some debate exists regarding the roles of JNKs in
cancer, they are up-regulated in several tyﬁpes of
cancer, such as liver and prostate cancers.” > JNKs
are best known for their role in the activation of the c-
Jun/activator protein-1 (AP 1) transcription—factor
complex. AP1 activation is required for neoplastlc
transformation® and for skin tumor formation in m|ce
Tumor formation is inhibited in c-Jun-knockout mice.®
A recent study suggested that the interaction of the
tumor suppressor p16™%42 with JNK1 can occur at the
same site where c-Jun binds, and it interferes with the
phosphorylatlon and activation of c-Jun in response to
UV exposure.® Additionally, JNKs are crucial media-
tors of obesny and insulin resistance and potential
targets in type Il diabetes.’® Therefore, inhibition of
JNKSs might provide clinical benefits in chronic disease.
The phosphatidylinositol 3-kinase (PI3-K)/AKT sig-
naling pathway has been identified as a ke ey playerin
human cancer, including skin cancer,’" and is
considered an attractive target for cancer prevention
or treatment. This pathway can also regulate JNKs.
Vivanco et al. recently showed, using an elegant
screening technique, that JNK pathway activation is a
major consequence of PTEN loss, suggesting that
PI3-K promotes cancer progression b¥ inducing the
parallel activation of AKT and JNKs. = PTEN defi-
ciency sensitizes cells to JNK inhibition. Moreover,
negative feedback regulation of PI3-K was impairedin
PTEN-null cells. Thus, dual JNKs and PI3-K inhibition
might be a novel and effective therapeutic approachin
patients, preventing feedback and cross talk.
Flavonoids have been known for some time for their
general chemopreventive effects in human health,
which might be explained partially by the identification
of the moIecuIar targets and their mechanism of
action.’'* An earlier, small-scale study examined
the effects of 24 flavonoids on AP-1 transactivation
and c-Jun phosphorylation in cell-based systems. '® To
identify a novel natural inhibitor of JNK1, we examined
the activity of four representative flavonoids (querce-
tagetin, quercetin, myricetin, and kaempferol) using an
in vitro kinase screening system. Only quercetagetin
strongly suppressed JNK1 activity. Here, we report the
crystal structure of JNK1 bound to quercetagetin and
the effects of quercetagetin in in vitro and in vivo
models. The results of a docking study suggest that
PI3-K is also a molecular target of quercetagetin.

Results

Crystal structure of the ternary JNK1-pepJIP1-
quercetagetin complex

To investigate the molecular basis of the inhibition of
JNK1 by quercetagetin (Fig. 1a), we determined the

crystal structure of the JNK1—pepJIP1—quercetagetin
ternary complex, where pepdIP1 is a docking site
peptide fragment of the scaffold protein JIP1. JNK1
consists of N- and C-terminal lobes linked through a
loop, the “hinge region.” Interestingly, the N-terminal
lobe of JNK1 underwent substantial structural
changes in our structure when compared with the
apo form.'® The whole N-terminal lobe region is
rotated toward the C-terminal lobe, causing shifts of
approximately 2.5 Ain peripheral segments (Fig. 1b).
A similar rearrangement was observed in the
structure of the JNK1-a1 isoform in complex with a
biaryl tetrazol inhibitor [A-82118; Protein Data Bank
(PDB) ID: 302M],"” which does not utilize the ATP-
binding site. Quercetagetin is located in the ATP-
binding site and forms hydrogen bonds with the
protein (Fig. 1c and d). The side chains of Lys55,
Asp169, and Glu73 form a network of hydrogen bonds
with the 4-hydroxy group of the 3,4-dihydroxyphenyl
part (the catechol moiety) of the ligand, while the
benzopyran portion forms hydrogen bonds with the
protein main chain of Glu109 and Met111 (in the
hinge loop). The ligand forms additional hydrophobic
interactions with both nonpolar faces of the binding
cleft (lle32, Val40, Ala53, Met108, Val158, and
Leu168 from the N- and C-terminal lobes). A water
molecule in the hydrogen-bonding network connects
the 3,4-dihydroxyphenyl part of quercetagetin with
the Asp169 main-chain amide nitrogen and the
Glu73 side-chain carboxy group. The movement of
the N-terminal lobe narrows the binding site, which
allows the Lys55-NH, group to form a hydrogen
bond with quercetagetin and moves Val158 and
Leu168 approximately 2 A closer to the ligand.
Additionally, the Lys30-Ala42 region of the
N-terminal lobe folds over and caps the binding site.
The glycine-rich loop Gly33-Gly38 is substantially
shifted in this region, with the Gly35 C* atom moving
6 A toward the C-terminal lobe from its position in the
apo structure (Fig. 1e). The adaptab|l|ty of this region
is a feature of many kinase structures. '® All changes
in the N-terminal lobe of JNK1 seem to improve the
compatibility of the ligand with the binding site and
must be taken into account when designing JNK1-
specific inhibitors based on the apo structure.

Determination of ICs5o values for JNK1 with the
inhibitors quercetagetin and SP600125 using the
IMAP system

Next, we examined the effect of quercetagetin
and other flavonoids on JNKT1 activity. In vitro JNK1
kinase assays revealed that quercetagetin inhibited
JNK1 activity more potently than did SP600125 (a
pharmacological JNK1 inhibitor). Quercetin, myr-
icetin, and kaempferol had no effect on JNK1
activity in vitro (Fig. 2a). We next calculated ICsq
values for quercetagetin and SP600125 using the
immobilized metal ion affinity-based fluorescence
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polarization (IMAP) assay system.'® The ICsq
values for quercetagetin and SP600125 were
4.6 uM and 5.2 uM, respectively (Fig. 2b). These
values are in accord with the in vitro JNK1 kinase
assay results.

Fig. 1. Crystal structure of the
ternary JNK1-pepdIP1—querceta-
getin complex. (a) Chemical struc-
ture of quercetagetin. (b) Structures
of apo-JNK1 alone (blue) and in
complex with quercetagetin (green),
presented as stereo ribbon plots. In
the complex, the N-terminal lobe is
shifted substantially toward the C-
terminal lobe and Lys55 assumes a
different conformation to form a
hydrogen bond with the ligand.
The glycine-rich loop (Gly33—
Gly38) relocates to cover the bind-
ing site. (c) Molecular interactions
between quercetagetin and JNK1.
Residues involved in hydrophobic
interactions are highlighted in bold,
and those involved in hydrogen
bonding are in italics. All hydrogen
bonds are marked as yellow broken
lines. (d) 2F,-F; omit map of
quercetagetin electron density con-
toured at 1 0. The map was created
without quercetagetin in the starting
model. The density data allowed
unambiguous building of the ligand
molecule. The hydrogen bond
formed with Lys55 is shown. (e)
Enlarged view of the Lys30-Ala42
region of the N-terminal lobe. Apo-
JNK1 is shown in blue, and the
complex with quercetagetin is in
green. The region loses its 3-strand
configuration upon binding and
folds over and caps the binding
site. The glycine-rich loop Gly33—
Gly38 is substantially shifted in this
regjon, with the Gly35 moving by
6 A toward the C-terminal lobe from
its position in the apo structure.

Quercetagetin competes with ATP for binding

Pull-down assays showed that active JNK1 binds
to quercetagetin-conjugated Sepharose 4B beads
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Fig. 2. Effects of quercetagetin on JNK1 activity. (a) Comparison of the effects of various flavonoids and SP600125 on
JNK1 activity. JNK1 kinase assays were performed as described in Materials and Methods. Kinase activity is presented as
percentage of inhibition relative to the corresponding untreated control. Average 3?P count was determined from the
results of three independent experiments. Data are presented as means +SD. Asterisks (*) indicate significant differences
in kinase activity between active JNK1 and individual compounds and active JNK1 alone (kinase assays; p<0.05). (b)
Inhibition of JNK1 by quercetagetin and SP600125 and comparison of the ICsq values in an IMAP assay. An IMAP assay
was performed as described in Materials and Methods. Each experiment was performed in triplicate. The data point for
quercetagetin titration above 100 pM is affected by limited solubility and not included in the calculation and curve fitting. (c)
JNK1—quercetagetin binding in vitro and ex vivo was confirmed by Western blotting using an antibody against JNK1. Lane
1 (input control), JNK1 protein standard or lysate; lane 2 (control), JNK1 or lysate pulled down using Sepharose 4B beads;
lane 3, JNK1 or lysate pulled down using quercetagetin-Sepharose 4B affinity beads. (d) Quercetagetin competes with
ATP for binding to JNK1. Lane 1, input control; lane 2, negative control, indicating that JNK1 cannot bind to Sepharose 4B;
lane 3, positive control, indicating that JNK1 can bind to quercetagetin-Sepharose 4B. Each experiment was performed
three times.

(Fig. 2c, left panel, lane 3) but not to unconjugated 50 ng of active JNK1 was loaded (as a marker),
Sepharose 4B beads (Fig. 2c, left panel, lane 2). verified that the detected band represented JNK1.
The input lane (Fig. 2c, left panel, lane 1), to which Cell-based pull-down assays further revealed that
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quercetagetin strongly binds to UVB-induced JNK1
in JB6 P+ cells (Fig. 2c, right panel). Furthermore,
the ability of quercetagetin to bind to JNK1 varied
according to ATP levels (Fig. 2d), suggesting that,
as expected from its location in the ATP-binding
site in the crystal structure, quercetagetin competes
with ATP.

Evaluation of the binding affinity of quercetagetin
for JNK1 by docking analysis

The results of the docking procedure (Supple-
mental Table 1) are represented as Glide docking
scores.?>?" The Glide docking score is a semi-
quantitative measure of binding energy. The lower
the value, the higher the binding affinity. The goal of
the docking procedure is to explain the preference
of JNKT1 for quercetagetin over the other flavonoids
and SP600125. The results indicate that querceta-
getin had the lowest docking score, and thus the
highest binding affinity, under both sets of docking
conditions (Supplemental Table 1). This can be
explained by consideration of the entropic terms in
the docking score. Although the interaction energy
for the binding of SP600125 to JNK1 was lower
than that for the tested flavonoids, SP600125 has a
lower loss of entropy upon binding. The Glide
scoring function applied higher entropic penalties to
the flavonoids. Consequently, their predicted bind-
ing affinities were reduced. Considering this penal-
ization, quercetagetin was predicted to have the
highest binding affinity, followed by SP600125, in
agreement with the results of the kinase assays.
But it is clear that the differences in the flavonoid
series are small, perhaps not surprising in view of
their related chemistry. Detailed ranking on the
basis of these calculations must obviously be
viewed with caution.

Quercetagetin inhibits PI3-K activity through direct
ATP-competitive binding

A previous study suggested that quercetin binds
to PI3-K.??> Because the chemical structure of
quercetin is very similar to that of quercetagetin,
we tested the interaction of quercetagetin with PI3-K
in a modeling study using the crystal structure of
PI3-K in complex with quercetin® and found that
quercetagetin docked well to the ATP-binding site of
PI3-K (Fig. 3a). The hydroxyl groups at the 3-, 5-,
and 6-positions and the carbonyl group at the 4-
position can form hydrogen bonds with the back-
bone atoms of the hinge region (amino acids 880—
885). The hydroxyl groups at the 3'- and 4'-positions
can form hydrogen bonds with the side chains of
Asp964 and Asp841, respectively. Additionally,
quercetagetin would be sandwiched by the side
chains of the hydrophobic residues in the ATP-
binding site, including Met804, Trp812, 11e831,

Leu838, Tyr867, and 1le879 from the N-terminal
lobe and Ala885, Met953, Phe961, and [1e963 from
the C-terminal lobe. To confirm that the interaction
between PI3-K and quercetagetin leads to the
suppression of PI3-K activity, we tested PI3-K
activity in vitro. At a concentration of 20 pM,
quercetagetin almost completely blocked PI3-K
activity, the inhibitory effect being greater than that
observed with the specific PI3-K inhibitor LY294002
(Fig. 3b). We performed a binding assay and
verified that quercetagetin directly interacts with
PI3-K and competes with ATP (Fig. 3c and d).
These findings suggest that PI3-K, like JNK1, is an
important target of quercetagetin.

Quercetagetin suppresses UVB-induced AP-1
and NF-kB transactivation and Ras®'?V- and
H-ras-induced cell transformation in JB6 P + cells
by targeting JNK1 and PI3-K

Consistent with the JNK1 and PI3-K kinase assay
data, quercetagetin strongly suppressed UVB-in-
duced phosphorylation of c-Jun, AKT, and GSKS3,
but not JNKs, ERKs, p90RSK, p38, or MSK1 (Fig. 4a
and b). Quercetagetin inhibited UVB-induced trans-
activation of AP-1 and NF-kB in a dose-dependent
manner (Fig. 4c). Previous studies showed that H-
Ras acts as a potent activator of the JNKs and PI3-K
signaling pathways that lead to neoplastic transfor-
mation. To examine the effects of quercetagetin on
cell transformation, we introduced Ras (Ras®'?Y)
expression vectors into NIH3T3 cells and conducted
a focus-forming assay. As expected, quercetagetin
inhibited H-Ras-induced cell transformation and
Ras®'?V.induced focus formation in a dose-depen-
dent manner (Fig. 4d and e). At a concentration of
5 pM, quercetagetin inhibited H-Ras-induced neo-
plastic cell transformation by 73%. These findings
suggest that quercetagetin suppresses cell transfor-
mation by targeting JNK1 and PI3-K.

Quercetagetin inhibits UVB-induced skin
tumorigenesis in an SKH-1 hairless mouse model

To investigate the pharmaceutical effect of quer-
cetagetin, we used a two-stage mouse skin tumor-
igenesis model. We found that quercetagetin
significantly inhibited UVB-induced skin cancer
development (Fig. 5a). Topical application of 4 or
20 nmol of quercetagetin to mouse skin reduced
tumor incidence by 32.0% and 46.7%, respectively
(p<0.001 versus the UVB irradiation group, n=10;
Fig. 5b). The volumes of the skin tumors that
developed in UVB-exposed mice were significantly
reduced by quercetagetin treatment (Fig. 5c).
Overall, these results indicate that quercetagetin
might serve as an effective chemopreventive agent
against UVB-mediated skin cancer.
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Fig. 3. Effects of quercetagetin on PI3-K activity. (a) Hypothetical model of PI3-K in complex with quercetagetin. The
N-terminal lobe, C-terminal lobe, and hinge region of the catalytic domain are shown in yellow, cyan, and white, respectively.
Quercetagetin (atomic color) binds to the ATP-binding site in the catalytic domain of PI3-K. In the close-up view, the
hydrogen bonds are depicted as broken lines, and the residues in gray ellipses are hydrophobic residues interacting with
quercetagetin. (b) Quercetagetin inhibits P13-K activity in vitro. The resulting *2P-labeled phosphatidylinositol-3-phosphate
was measured as described in Materials and Methods. (c) Quercetagetin specifically binds to the p110 subunit of PI3-K in
vitroand ex vivo, as confirmed by Western blotting with an antibody directed against the p110 subunit. Lane 1, PI3-K protein
standard or whole-cell lysate (input control); lane 2, PI3-K or lysate precipitated with Sepharose 4B beads (control); lane 3,
PI3-K or whole-cell lysate pulled down using quercetagetin-Sepharose 4B affinity beads. (d) Quercetagetin binds to PI3-Kin
an ATP-competitive manner. Lane 1, input control; lane 2, negative control showing lack of binding of PI13-K to Sepharose
4B beads; lane 3, binding of PI3-K to quercetagetin-Sepharose 4B (positive control); lanes 4 and 5, increasing
concentrations of ATP alter the binding of quercetagetin to PI3-K. Each experiment was performed three times.

Discussion

The development of clinically useful small-molecule
kinase inhibitors has been a seminal event in the
world of chronic disease. Although many natural
compounds have been shown to regulate the
activity of kinases in cell-based assays, fewer

data exist to show that these molecules can
directly bind to and inhibit specific target proteins
in vitro. In the present study, we have shown, by X-
ray crystallography, that JNK1 crystallizes as the
apo form in the more open configuration.'® We
observed the same crystal form without bound
ligand, even when ligand was present in the
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however, only crystallizes in the presence of
ligand, which has a well-defined electron density.

Fig. 4. Effects of quercetagetin
on UVB-induced JNKs and PI3-K
signaling. (a and b) Quercetagetin
inhibits UVB-induced phosphoryla-
tion of c-Jun, AKT, and GSK3, but
not JNKs, ERKs, p90RSK, p38, or
MSK1. The data are representative
of three independent experiments
that gave similar results. (c) Quer-
cetagetin inhibits UVB-induced AP-
1 and NF-kB transactivation. Lucif-
erase activity was assayed and
AP-1 and NF-kB activities were
calculated relative to the values for
control cells (without UVB). Data
are presented as means = SD of AP-
1 and NF-«kB luciferase activities
obtained from three independent
experiments. (d) Quercetagetin in-
hibits Ras®'?V-induced focus for-
mation. The data are representative
of three independent experiments
that gave similar results. The graph
shows the average number of foci.
(e) Effects of quercetagetin on H-
Ras-induced cell transformation in
untreated control cells (a), and cells
treated with quercetagetin at a
concentration of 5 uM (b), 10 pM
(c), or 20 uyM (d). Data are pre-
sented as means+SD of three
independent experiments. The as-
terisk (*) indicates a significant
difference (p<0.05) between
groups untreated or treated with
quercetagetin. For (d) and (e), cell
colonies were counted under a
microscope with the aid of Image-
Pro Plus software (v. 4).

Figure 1b is an overlay of the two experimental
structures, the apo form'® and the complex
described, and documents the pronounced relative
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Fig. 5. Effect of quercetagetin on UVB-induced skin carcinogenesis in SKH-1 hairless mice. (a) External appearance
of UVB-induced tumors. (b) Quercetagetin strongly reduces the incidence of UVB-induced tumors in SKH-1 hairless
mice. A tumor was defined as an outgrowth of >1 mm in diameter that persisted for 2 weeks or longer. Tumor incidence
and multiplicity were recorded each week until the end of the experiment. (c) Quercetagetin strongly reduces UVB-
induced tumor volume in mice. At the end of the study, the dimensions of each tumor in each mouse were recorded.
Tumor volume was calculated using the hemiellipsoid model formula: tumor volume=1/2 (411/3) (I2) (w/2) h, where [ is
the length, w is the width, and h is the height. The data were analyzed using SAS software (SAS Institute, Cary, NC).

movement of the N- and C-terminal domains upon
ligand binding. Hinge bending in kinases is indeed
well known and has been seen already in the first
cAMP-dependent protein kinase structures.'® The
mechanism by which ligand binding induces hinge
bending, however, is unclear. A distinction between
the two limiting cases, induced fit or conformational
selection, requires kinetic data for different ligand
concentrations with a sufficient time resolution to

identify the initial reaction step, which would be
unimolecular for conformational selection and
bimolecular for induced fit. We are not aware of
any kinase system where these experiments have
been performed.

Quercetagetin is a direct ligand for the ATP-
binding pocket of JNK1 (Fig. 1). Interestingly, the
interaction between the Lys55-NH, group and
quercetagetin allows movement and changes in
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the N-terminal lobe of JNK1. This feature improves
compatibility of the ligand with the binding site of
JNK1 and is a unique binding mode. Quercetagetin
reaches much deeper into the ATP-binding pocket
with its catechol side group than the JNK1 inhibitor
SP600125, making prominent contacts with Lys55
and Glu73 through their hydroxyl groups, which
may trigger the aforementioned N-terminal lobe
movement. SP600152 binds to the P2,2,2; crystal
form (apo form) of JNK1 without causing substan-
tial structural rearrangements.’® Quercetagetin
binds to JNK1 similar to quercetin—-PIM1 kinase
(PDB ID: 203P'%). However, the catechol moiety
with its meta-hydroxyl pointing inside the binding
cleft in our JNK1—quercetagetin complex is rotated
by 180° to that observed by Holder et al. (PDB ID:
2064'") in the quercetagetin-PIM1 kinase com-
plex. This difference might be caused by different
environments of the catechol group. That querce-
tagetin can “adjust” to bind both PIM1 and JNK1
kinases by rotation of its only rotatable bond is
interesting. As a note of caution, the electron
density of the quercetagetin ligand is best inter-
preted as shown (meta-hydroxyl group “in”) (Fig.
1d), but we cannot exclude partial occupation by
the alternative conformer (meta-hydroxyl group
“out”). The interaction mode in JNK1—quercetagetin
is also similar to that shown in the structure of
quercetin with PI3-K y (PDB ID: 1E8W??). Thus,
the 4-hydroxy group of the catechol forms the
majority of the hydrogen bonding, whereas in other
structures, the hydrogen bonds are formed by the
3-hydroxy group. Another unique feature of our
structure is the presence of a water molecule
trapped below the ligand. Its presence suggests
that increasing ligand selectivity and affinity might
be realized by introducing a polar group to replace
the water molecule. This was tested by changing
the catechol moiety in silico to pyrogallol, whereby
the additional hydroxyl group occupies approxi-
mately the space of the observed water molecule.
The calculation of the glide score indicates a
decrease (affinity improvement) of 0.7 (Glide
score —13.2) compared to quercetagetin. A hydro-
xymethyl group would be even a closer mimic of
the bound water, and the corresponding querceta-
getin derivative indeed has a glide score of —14.1,
the highest in the series.

Quercetagetin inhibited JNK1 activity more strong-
ly than did quercetin, myricetin, kaempferol, or
SP600125. The ICso value of quercetagetin, as
determined by IMAP assay, was 4.6 uM in agree-
ment with the in vitro JNK1 kinase assay. The
binding of JNK1 and quercetagetin in an ATP-
competitive manner was confirmed in a pull-down
assay (Fig. 2c and d). To further evaluate the binding
affinity of quercetagetin, quercetin, myricetin,
kaempferol, and SP600125, we created a series of
docking simulations (Supplemental Table 1). The

docking confirmed the unusually deep placement of
the quercetagetin molecule in the pocket, which
agreed with the observed structural and kinetic
data. In the predicted binding conformation of
quercetagetin, however, the catechol ring was
flipped by 180° compared with the X-ray crystal
structure. Obviously, the complicated nature of the
H-bond pattern in this region, which is also influ-
enced by the structural water molecule, is difficult to
model. Nevertheless, quercetagetin is predicted to
have the highest binding affinity for JNK1, followed
by SP600126. Walker et al. presented X-ray
crystallographic structures of the PI3-K y—quercetin
complex, which binds in the ATP-binding pocket.??
According to their structure, quercetin binds to PI3-K
very differently from the JNK1 and PIM1 kinase
complexes. Because the chemical structures of
quercetagetin and quercetin have a high degree of
similarity, we hypothesized that quercetagetin could
also interact with PI3-K. The results of a docking
study indicated that quercetagetin is an ATP-
competitive inhibitor of PI3-K. Several hydrogen
bonds and hydrophobic interactions are involved in
the binding of quercetagetin. Notably, the hydroxyl
groups at the 3’ and 4’ positions form hydrogen
bonds with the side chains of Asp964 and Asp841
(Fig. 3a). As shown experimentally (Fig. 3b—d),
quercetagetin strongly inhibits PI13-K activity through
ATP-competitive binding, consistent with the above
docking results.

In cell-based systems and an animal model, we
examined the functional significance of the binding
of quercetagetin to JNK1 and PI3-K. In these
studies, quercetagetin inhibited UVB-induced phos-
phorylation of c-Jun and AKT in JB6 P+ cells, but
had no effect on the phosphorylation of ERKs or p38.
Inhibition of JNKs and PI3-K signaling led to the
suppression of neoplastic transformation through
inhibition of AP-1 and NF-kB (Fig. 4). Quercetagetin
delayed the development of tumors and reduced
tumor volumes in an SKH-1 hairless mice model
(Fig. 5). These cancer chemopreventive effects of
quercetagetin might be explained by its inhibitory
effects on JNK1 and PI3-K activities. Overall, our
crystallographic findings, the accompanying bio-
chemical data, and the cell-based and animal
model data show that quercetagetin is a strong
inhibitor of JNK1 and PI3-K and might have practical
implications for the prevention or therapy of cancer
and other chronic diseases.

Materials and Methods

Protein expression and purification

To express JNK1 for structural analysis, we amplified
the C-terminal truncated form of human JNK1a1 (residues



420

Quercetagetin is a Natural Inhibitor of JNK1

1-364) by a standard PCR-based cloning strategy. The
PCR product was inserted into the pET21b expression
vector (Novagen) with a 6His-tag at the C-terminus and
this plasmid was transformed into BL21(DE3) Escherichia
coli cells. The transformant cells were grown in LB
medium at 37 °C up to an Agoonm Of 0.6. Protein
expression was induced by adding 1 mM IPTG, and the
cells were grown for 15 h. Cells were then harvested by
centrifugation; resuspended in buffer A containing 50 mM
Hepes (pH 7.2), 10% glycerol, 100 mM NaCl, 2 mM @-
mercaptoethanol, and protease inhibitors (0.1 mM phe-
nylmethylsulfonyl fluoride, 1 pg/mL leupeptin, and 1 pg/
mL pepstatin); and frozen quickly by immersion in liquid
nitrogen. Then, JNK1 was purified. Briefly, cells were
thawed, sonicated, and centrifuged. The supernatant
fraction was passed through a 10-mL Ni-NTA Superflow
Column. The column was washed with resuspension
buffer A and washed again with buffer A plus 10 mM
imidazole. The protein was then eluted with buffer A plus
250 mM imidazole. The eluted protein was dialyzed
against buffer B (20 mM Hepes, pH 7.0, 10% glycerol,
50 mM NaCl, and 2 mM DTT) and applied to an SP-
Sepharose cation-exchange column. The column was
washed with seven column volumes of buffer B, and
bound protein was then eluted with a 10-column-volume
linear gradient of 50-400 mM NaCl. The eluted protein
from the SP-Sepharose column was concentrated and
passed over a gel-filtration column (Superdex 200) pre-
equilibrated with buffer C (25 mM Hepes, pH 7.0, 5%
glycerol, 50 mM NaCl, and 10 mM DTT). Peak fractions
were concentrated to 10 mg/mL as measured by the
Bradford method. Purity was judged to be >98% by
Coomassie Blue-stained SDS-PAGE.

Crystallization and data collection

Before the crystallization trial, the purified protein was
mixed with a peptide fragment of JIP1 (pepdIP1) with the
sequence RPKRPTTLNLF at a molar ratio of 1:5 and
incubated on ice for 3 h to allow complex formation. To
obtain the JNK1—pepJIP1—quercetagetin ternary complex,
we mixed the JNK1-pepdIP1 complex with a 10-fold
excess of quercetagetin and concentrated it to approxi-
mately 10 mg/mL. Crystallization was achieved at 4 °C by
vapor diffusion using the sitting drop method and a
protein-to-well solution ratio of 1:1 with well solution
containing 2.1 M (NH4).SO, and 0.1 M 2-[bis(2-hydro-
xyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol
(pH 5.5). Single crystals grew within 1 week to an average
size of 0.3 mmx0.1 mmx0.1 mm. Crystals were trans-
ferred to cryoprotectant solution containing well solution
plus 25% (v/v) ethylene glycol for a few seconds and then
flash-frozen in liquid nitrogen. Data sets to 2.60 A
resolution were collected at 100 K on the PXIl beamline
at the Swiss Light Source synchrotron (Paul Scherrer
Institute, Switzerland) and processed using XDS and
XSCALE software.?® Two different crystal forms were
measured, one of which belonged to space group
P242424. The unit cell parameters were a=61.24 A, b=
80.31 A, and ¢=83.36 A. The second belonged to space
group /422, and its cell parameters were a=b=172.37 and
¢=86.04. Both crystal types contained one complex per
asymmetric unit. Table 1 summarizes the statistics for
data collection and refinement.

Table 1. Data collection and refinement statistics

Data collection
Space group 1422

Cell constants (A) a=b=172.37
. c=86.04
Resolution range (A) 50-2.7

Wavelength (A) 1.0

Observed reflections 138,356
Unique reflections 13,950
Whole range
Completeness (%) 77.0%
Hmerge 3.9
o (1) 26.33
Last shell .
Resolution range (A) 2.7-2.8
Completeness (%) 43.6
Rrmerge 15.5
o (l) 2.98
Refinement
No. of reflections 13,278
Resolution (A) 20-2.7
R-factor (%) 22.6
Rfree (/") 26.5
Average B (A?) 63.6
r.m.s. bond length (A) 0.013
r.m.s. angle (°) 1.458
Content of asymmetric unit
No. of protein—ligand complexes 1
No. of protein residues/atoms 362/2898
No. of solvent molecules 27

@ The data statistics are reported with signal-to-noise cutoff
equal to 2. Using this cutoff, the data are 77% complete. Without
cutoff, the data are 99% complete.

Structure determination and refinement

The structures of the JNK1-pepJIP1-quercetagetin
ternary complex were solved with the molecular
replacement program Phaser®® using the N- and C-
terminal domains of the structure of the binary complex
JNK1-pepJIP1 separately’® (PDB ID: 1UKH). The
crystals, which belonged to space group P2:2424,
were isomorphous to the 1TUKH unit cells and did not
contain interpretable ligand density. The other space
group, /422, contained an interpretable ligand density in
the ATP-binding site. The model was subsequently
improved by rigid-body refinement of the individual
domains and restrained refinement using Refmac
software®® and rebuilt using the Coot and X-fit
programs.?® Water molecules were added by ARP/
WARP.?” The refinement statistics are summarized in
Table 1.

IMAP assay

An IMAP assay was carried out in accordance with the
instructions provided by Molecular Devices. The IMAP
reaction was carried out with recombinant JNK1 in 384-
well black plates containing serially diluted test com-
pounds. The reaction contained 7.46 yM ATP, 100 nM
JNK1, 400 nM fluorescein-isothiocyanate-labeled JNK1
substrate peptide (LVEPLTPSGEAPNQK-5FAM-COOH),
20 mM Mops (pH 6.5), 1 mM DTT, 10 mM MgCl,, and



Quercetagetin is a Natural Inhibitor of JNK1

421

0.01% Brij35. It was incubated for 1 h at room
temperature with the addition of IMAP Binding Buffer (a
1:1200 dilution of IMAP Progressive Binding Reagent in
65% IMAP Progressive Binding Buffer A/45% IMAP
Progressive Binding Buffer B). Then, the plate was read
using a PHERAstar Plus microplate reader from BMG
Labtech. The excitation and emission wavelengths were
485 nm with a bandwidth of 20 nm and 530 nm with a
bandwidth of 25 nm, respectively.

Docking simulations

To further evaluate the binding affinity of quercetagetin
in comparison with other flavonoids, we performed a
series of docking simulations. A set of five inhibitors (the
flavonoids quercetagetin, quercetin, myricetin, and
kaempferol and the commercially available inhibitor
SP600126) was docked in the ATP-binding sites of two
JNKT1 structures: (1) JNK1 in complex with quercetagetin
(reported in this article) and (2) the apoprotein structure
(PDB ID 1UKH). A 25-A simulation box was defined
around the binding pocket. The geometric center of the
docking box was chosen to coincide with the molecule's
center of mass. The docking procedure consisted of
three stages: (1) inhibitor—receptor pose generation, (2)
pose minimization, and (3) scoring of the final pose. After
the first stage, 400 poses were selected for energy
minimization (100 steps of Steepest Descent). The XP-
scoring function of Glide version 5.6 was used to
evaluate the final pose. No constraints were imposed
on the system.

Molecular modeling and docking

Insight 1l (Accelrys, Inc., San Diego, CA) was used for
docking studies and structure analysis with the crystal
coordinates of PI3-K in complex with quercetin (PDB ID:
1E8W), available from the PDBi. Docking was subse-
quently performed using the XP-scoring function of Glide
version 5.6 (Schrédinger, LLC, New York, NY, 2010). No
constraints were imposed on the system. For each ligand,
400 poses were selected for energy minimization (100
steps Steepest Descent) and scoring.

In vitro JNK1 kinase assays

The in vitro kinase assay was conducted in accordance
with the instructions provided by Upstate Biotechnology.
Briefly, each reaction contained 20 pL of assay dilution
buffer [20 mmol/L Mops (pH 7.2), 25 mM B-glyceropho-
sphate, 5 mM ethylene glycol bis(B-aminoethyl ether) N,
N'-tetraacetic acid, 1 mM sodium orthovanadate
(NagVQOy,), and 1 mM DTT] and a magnesium-ATP cocktail
buffer. For JNK1, the activating transcription factor 2
substrate peptide was included at a concentration of 3 yM.
Active JNK1 protein (20 ng) and 10 uL of diluted [y-°2P]
ATP solution were incubated at 30 °C for 10 min with the
above assay buffer and substrate peptide, and then 15-pL
aliquots were transferred onto p81 paper and washed
three times with 0.75% phosphoric acid (5 min per wash)
and once with acetone (5 min). The incorporation of
radioactivity was determined using a scintillation counter

(LS6500, Beckman Coulter). Each experiment was per-
formed in triplicate.

In vitro PI3-K kinase assay

Active PI3-K protein (100 ng) was incubated with
quercetagetin for 10 min at 30 °C. The mixture was then
incubated with 20 pL of 0.5 mg/mL phosphatidylinositol
(Avanti Polar Lipids, Alabaster, AL) for 5 min at room
temperature and then incubated in reaction buffer
[100 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (pH 7.6), 50 mM MgCl,, and 250 uM ATP] contain-
ing 10 uCi of [y-*3P]JATP for an additional 10 min at
30 °C. The reaction was stopped by adding 15 pL of 4 N
HCl and 130 pL of chloroform:methanol (1:1). After
vortexing, 30 pL of the lower chloroform phase was
spotted onto a 1% potassium-oxalate-coated silica gel
plate, which had previously been activated through
incubation for 1 h at 110 °C. The resulting 3?P-labeled
phosphatidylinositol-3-phosphate was separated by thin-
layer chromatography, and the radiolabeled spots were
visualized by autoradiography.

Statistical analysis

As necessary, data are expressed as means+SD or SE,
and significant differences were determined using one-
way ANOVA. A probability value of p<0.05 was used
as the criterion for statistical significance. All analyses
were performed using Statistical Analysis Software
(SAS, Inc.).

Accession numbers

The coordinates of the crystal structure of the ternary
complex JNK1-pepJIP1—quercetagetin have been depos-
ited in the PDB under accession code 3V3V.
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Supplemental Methods

Chemicals

The IMAP assay kit for JNK1, which includes the lyophilized fluorescein-labeled JNK1
substrate (LVEPLTPSGEAPNQK-5FAM-COOH), IMAP kinase reaction buffer, IMAP binding
buffer, and IMAP binding reagent, was from Molecular Devices Corp. (Sunnyvale, CA). The black
384-well plate used in the IMAP assay was obtained from Corning, Inc. (Corning, NY). Residues 14-
327 of recombinant human JNK1 used in this kit were obtained from Millipore Corp. (Billerica, MA).
Quercetagetin and all other chemicals used were analytical-grade products purchased from Sigma (St.
Louis, MO). Eagle’s minimal essential medium (MEM), Dulbecco’s Modified Eagle’s Medium
(DMEM), basal medium Eagle (BME), gentamicin, and L-glutamine were from Gibco-BRL (Grand
Island, NY). Fetal bovine serum (FBS) was from Gemini Bio-Products (Calabasas, CA). JetPEl
transfection reagent for NIH3T3 cells was from Q-Biogene. Antibodies against phosphorylated JNKs
(Thr183/Tyr185), total JNKs, phosphorylated c-Jun (Ser63), phosphorylated AKT (Ser4d73),
phosphorylated GSK3f (Ser9), phosphorylated ERKs (Thr202/Tyr204), total ERKs, phosphorylated
P90RSK (Thr359/Ser363), total p90RSK, phosphorylated p38 (Thrl80/Tyrl182), total p38, and
phosphorylated MSK1 (Thr581) were purchased from Cell Signaling Biotechnology (Beverly, MA).
Antibodies against total c-Jun, total MSK1, and PI3-K p110 o were from Santa Cruz Biotechnology
(Santa Cruz, CA). Recombinant human active PI13-K (p110a/p85a) and a JNK1 kinase assay kit were
obtained from Upstate Biotechnology (Lake Placid, NY). CNBr-Sepharose 4B and glutathione-
Sepharose 4B beads and [y-**P] ATP were from Amersham Pharmacia Biotech (Piscataway, NJ). The

protein assay kit was from Bio-Rad Laboratories (Hercules, CA).

Cell culture
JB6 P+ and H-Ras-transformed JB6 P+ mouse epidermal (H-Ras JB6 P+) cells were cultured
in monolayers at 37°C in a 5% CO, incubator in MEM containing 5% FBS, 2 mM L-glutamine, and

25 pg/mL gentamicin. NIH/3T3 cells were cultured in DMEM supplemented with 10% bovine calf



serum in a 37°C, 5% CO; incubator. The cells were maintained by splitting at 80% to 90% confluence,

and media were changed every 3 days.

In vitro and ex vivo pull-down assays

Recombinant JINK1 (2 pg) or PI3-K (2 ug), or a JB6 P+ cellular supernatant fraction (500 pg
protein), was incubated with quercetagetin/Sepharose 4B beads (100 pL, 50% slurry) or Sepharose 4B
beads (as a control) in reaction buffer [50 mM Tris-HCI (pH 7.5), 5 mM EDTA, 150 mM NaCl, 1 mM
DTT, 0.01% NP40, 2 pg/mL bovine serum albumin, 0.02 mM phenylmethylsulfonyl fluoride, 1x
protease inhibitor mixture]. After incubation with gentle rocking overnight at 4°C, the beads were
washed five times with buffer (50 mM Tris-HCI pH 7.5, 5 mM EDTA, 150 mM NaCl, 1 mM DTT,
0.01% NP40, 0.02 mM phenylmethylsulfonyl fluoride), and proteins bound to the beads were

analyzed by Western blotting.

ATP competition assay

Recombinant JNK1 (2 pg) or PI3-K (2 pg) was incubated with 100 pL of
quercetagetin/Sepharose 4B or 100 uL of Sepharose 4B in reaction buffer (see in vitro and ex vivo
pull-down assays) for 12 h at 4°C, and ATP was added at a concentration of either 10 or 100 uM to a
final volume of 500 pL. The samples were incubated for 30 min, and then were washed, and proteins

were detected by Western blotting.

Western blot analysis

After the cells (1.5 x 10°) were cultured in a 10-cm dish for 48 h, they were starved in serum-
free medium for an additional 24 h. The cells were then treated with quercetagetin at concentrations of
0 to 20 uM for the indicated time periods before being exposed to 4 kJ/m? UVB and then harvested 30
min later. Cells were disrupted, and the supernatant fractions were boiled for 5 min. The protein
concentration was determined using a dye-binding protein assay kit (Bio-Rad Laboratories) as

described in the manufacturer’s manual. Lysate protein (20 ug) was subjected to 10% SDS-PAGE and



then transferred to a polyvinylidene difluoride membrane. After blocking, the membrane was
incubated with the appropriate specific primary antibody at 4°C overnight. Protein bands were
visualized using a chemiluminescence detection kit after hybridization with the appropriate
horseradish peroxidase-conjugated secondary antibody. The relative amounts of proteins associated

with specific antibodies were quantified using Scion Image (NIH, Bethesda, MD).

Luciferase assay

AP-1 or NF-«B luciferase reporter-transfected JB6 P+ cells (8 x 10°/mL) suspended in 100 pL
of 5% FBS/MEM were added to each well of a 96-well plate and incubated at 37°C/5% CO,. At 80-
90% confluence, cells were cultured in 0.1% FBS-MEM for 24 h. Cells were treated for 1 h with
quercetagetin (0-20 pM), and then exposed to 4 kJ/m? UVB and harvested after 24 h. After treatment,
cells were disrupted with 100 pL of lysis buffer (0.1 M potassium phosphate buffer pH 7.8, 1% Triton
X-100, 1 mM dithiothreitol (DTT), 2 mM EDTA) and luciferase activity was measured using a

luminometer (Luminoskan Ascent; Thermo Electron, Helsinki, Finland).

Focus-forming assay

For the focus-forming assay, the pcDNA3.1-v5-JNK1 plasmid was constructed as previously
described (1). Transformation of NIH3T3 cells was conducted according to standard protocols. Cells
were transiently transfected with various combinations of H-Ras®?" (50 ng) and pcDNA3-mock
(compensation for equal amount of DNA) plasmids as indicated in figures, and then cultured in 5%
FBS-DMEM for 2 weeks. Foci were fixed with methanol, stained with 0.5% crystal violet, and then

counted under a microscope using the Image-Pro PLUS software program (v. 4, Media Cybernetics).

Anchorage-independent cell transformation assay
The effects of quercetagetin on H-Ras-induced JB6 cells were investigated. Basal medium
Eagle agar (0.5%, 3.5 mL) containing 10% FBS with or without quercetagetin was layered onto each

well of 6-well plates. H-Ras JB6 cells (8 x 10%mL) treated or not treated with quercetagetin were



mixed with 1 mL of 0.33% basal medium Eagle agar containing 10% FBS and layered on top of the
0.5% agar layer. The separate cultures were maintained at 37°C in a 5% CO, incubator for 14 days, at
which time the cell colonies were counted under a microscope with the aid of the Image-Pro Plus

software program.

Mouse skin tumorigenesis analysis

Skin carcinogenesis in mice was induced using a UVB irradiation system. The UVB radiation
source (Bio-Link cross-linker; Vilber Lourmat) emitted at wavelengths of 254, 312, and 365 nm, with
peak emission at 312 nm. SKH-1 hairless mice were divided into 4 groups of 15 animals each. In
control mice, the dorsal skin was topically treated with 200 uL of acetone only. In the UVB mouse
group, the dorsal skin was topically treated with 200 uL of acetone 1 h before UVB irradiation. The
mice in the third and fourth groups received topical application of quercetagetin (4 or 20 nmol) in 200
uL of acetone 1 h before UVB irradiation. The UVB dose was 0.18 J/lcm® Mice were irradiated 3
times per week for 28 weeks. The incidence of skin tumors was recorded weekly, and a tumor was
defined as an outgrowth of > 1 mm in diameter that persisted for 2 weeks or more. Tumor incidence,

multiplicity, and volume were recorded every week until the end of the experiment.

Supplemental Table 1. Glide Score of 4 flavonoids and the JNK inhibitor SP600125 after docking

into two different INK1 structural conformations.

Receptor
Ligand JNK1-Quercetagetin JNKZ1-Apo structure
Quercetagetin -12.5 -11.0
SP600125 -12.1 -10.8
Myricetin -12.1 -10.1
Quercetin -11.8 -9.3
Kaempferol -10.8 -8.4

Supplemental Table 1. Docking results for 5 inhibitors (the flavonoids quercetagetin, quercetin,
myricetin, and kaempferol and the commercially available JNK inhibitor SP600126) docked in the

4



ATP-binding sites of two JNK1 structures: JNK1 in complex with quercetagetin (reported in this
manuscript) and the apo-protein structure (PDB ID 1UKH). The lower the docking score, the higher is
the predicted affinity. Quercetagetin is predicted to have the highest binding affinity for both INK1

structures.

Supplemental References
1. Colburn NH, Wendel EJ, Abruzzo G. Dissociation of mitogenesis and late-stage promotion of
tumor cell phenotype by phorbol esters: mitogen-resistant variants are sensitive to promotion. Proc

Natl Acad Sci U S A 1981;78:6912-6916.
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ABSTRACT: Mdm?2 is a major negative regulator of the
tumor suppressor pS3 protein, a protein that plays a crucial
role in maintaining genome integrity. Inactivation of pS3 is
the most prevalent defect in human cancers. Inhibitors of
the Mdm2—pS3 interaction that restore the functional pS3
constitute potential nongenotoxic anticancer agents with a
novel mode of action. We present here a 2.0 A resolution
structure of the Mdm?2 protein with a bound stapled pS3
peptide. Such peptides, which are conformationally and
proteolytically stabilized with all-hydrocarbon staples, are
an emerging class of biologics that are capable of
disrupting protein—protein interactions and thus have
broad therapeutic potential. The structure represents the
first crystal structure of an i, i + 7 stapled peptide bound to
its target and reveals that rather than acting solely as a
passive conformational brace, a staple can intimately
interact with the surface of a protein and augment the
binding interface.

In tumors where the p53 protein is not mutated (ca. 50% of
all cancers), its function is often impaired by increased levels
of its negative regulators." One of the principal p53 modulators,
the E3 ubiquitin ligase Mdm2, binds directly to the pS3
transactivation domain and targets pS3 for proteasomal
degradation.” Reactivation of p53 by inhibiting its binding to
Mdm?2 is therefore a promising and confirmed approach to
cancer therapy.®> Several small molecules™ and peptidic
inhibitors have been developed for this purpose.”” While
peptidic inhibitors based on the modified pS3 sequence offer
very high affinity toward Mdm2, they suffer from low cell
permeability and are proteolytically unstable. A successful
attempt to overcome these problems has recently been made by
designin§ cyclic peptides that are closed by an all-hydrocarbon
“staple”.” "> The staple stabilizes the helical structure of the
peptide,®' a feature which likely contributes to the enhanced
affinity of the peptide for Mdm2 relative to the wild-type
peptide.'® Importantly, the most effective stapled-peptide
Mdm?2 inhibitor, SAH-pS$3-8, also targets MdmX and
demonstrates cytotoxicity toward cancer cells overexpressing

-4 ACS Publications  © 2011 American Chemical Society
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Mdm2, MdmX, or both."* Here we report the X-ray structure
of SAH-p53-8 in complex with the human Mdm?2 protein.

The bound SAH-pS53-8 forms a compact, short, two-turn a-
helix (Figure 1). The peptide is cyclized by an all-hydrocarbon
staple introduced before Asn20 (residue numbering as in the
native pS3 sequence is used) and after Leu26 (Figure 2A).
Circular dichroism studies demonstrated that the staple
stabilizes the helical state of the unbound peptide.'® Crystallo-
graphic studies of high-affinity pS3 analogue peptides revealed
extended helicity in the bound state relative to the wild-type
peptide."® Furthermore, molecular dynamics (MD) simulations
of the stapled pS3 peptides anticipated elongation of the helical
fold relative to the wild-type peptide.'® Our present structure
confirms this prediction and reveals that SAH-pS53-8 is the only
peptide with a known crystallographic structure that extends its
helicity from residue 19 to 27 in the bound state (Figure 2A).
None of the other peptides, including those with higher
reported affinities toward Mdm2, forms the helix beyond
position 24. In the native pS3 peptide, Leu26 has ®/¥ angles
in the B-strand region (—94°/148°, respectively).'” Stapling of
the peptide imposes perfectly helical angles (—58°/—45°) on
Leu26 in the structure of SAH-p53-8. The structures of other

eptides fall somewhere between these two extremes (Figure
2).!¥'%1% The residues outside the stapled part of the sequence
are not visible in the electron density map, indicating that they
are conformationally flexible in the bound state. This feature is
shared by non-cross-linked peptides, where residues outside
Phel9—Leu26 range are either flexible or acquire conforma-
tions determined by crystal packing. Mdm?2 retains its native
fold observed in other structures and undergoes only minor
ligand-induced changes upon binding SAH-p53-8. Namely, the
Met62 side chain folds away from the pS3 binding pocket to
make room for the aliphatic staple, Val93 shifts toward the
inside of the binding pocket by 1.0 A, and the Tyrl00 side
chain is in the so-called “closed” conformation.”® These features
are observed in most of the Mdm?2 structures.'>'®"?

The stapled peptide helix is located over the pS3 binding
pocket and positions in the “correct” orientation the three pS3
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Figure 1. Structure of the complex between Mdm?2 and the stapled
peptide SAH-p53-8. The Mdm2 molecule is shown in the surface
representation. Residues of Mdm?2 forming the rim of the binding
pocket are labeled in italics. SAH-pS53-8 uses its Phel9, Trp23, and
Leu26 to fill the binding site in a manner similar to the native pS3
peptide. The Trp23 indole ring is bound to LeuS4 by a hydrogen bond
(red dashed line). The aliphatic staple (salmon) protects this hydrogen
bond and forms extended hydrophobic contacts with LeuS4, PheSS,
Glys8, and Met62 of Mdm?2 (green surface).

residues that are critical for the binding (Phel9, Trp23, and
Leu26). In comparison with the native pS3 structure,'” the
whole helix is moved by ca. 1 A along its long axis toward its N-
terminus of pS3 (Figure 2B). It is also rotated by 18°
counterclockwise around the long axis when looking from the
N-terminus toward the C-terminus. This is a unique feature of
the stapled peptide, as most of the high-affinity pS3 analogue
peptides retain an orientation virtually identical to that of the
native peptide. Phel9 is located in its Mdm2 pocket in a similar
position as the p53 phenylalanine. The plane of its aromatic
ring is shifted by 0.6 A, following the shift of the helix. The
Trp23 indole ring plane is identical to the native one but is
again rotated to follow the different helix orientation. The
hydrogen bond between the indole nitrogen of Trp 23 and the
carbonyl oxygen of LeuS4 in Mdm?2 is preserved in this
structure and is 2.82 A in length. Interestingly, Leu26 fills its
pocket in a way that is completely different from the native one.
The native pS3 lacks helical structure at this residue, while the
stapled peptide maintains it (Figure 2A). The position of the
Leu26 Ca in SAH-pS3-8 is therefore moved by 2.7 A toward
the N-terminus of the peptide. Therefore, the side chain of
Leu26 is flipped by nearly 180° to fill the same pocket space.
No other known structure shares this feature.

The aliphatic staple intimatelgr interacts with the protein, as
predicted by MD simulations.' It is located directly over the
Met50—Lys64 helix that forms the rim of the pS3 binding
pocket. The staple contributes ca. 10% of the total surface
contact area between the peptide and Mdm?2. It protects the
hydrogen bond between Trp23 and LeuS4 from solvent
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PDB ID Sequence Affinity Ref.
Sec. structure [nM]
19 23 26
1YCR SQETFSDLWKLLPEN 700 17
--HHHHHTTS---
3G03 LTFEHYWAQLTS 3.6 15
--HHHHHHTT-
3EQS TSFAEYWNLLSP 3.3 19
--HHHHHHTT-
3JzZs ETFEHWWSQLLS 19.6 18
--HHHHHHHTT-
—
QSQQTE*NLWRLL* QN 55 10
—HHHHHHHHH

Figure 2. Architecture of different pS3 peptide analogues. (A)
Sequence alignment of the native pS3 peptide (PDB entry 1YCR),
high-affinity peptides using natural amino acids (PDB entries 3JZS and
3EQS), and the stapled peptide SAH-p53-8. The pS3 residues Phel9,
Trp23, and Leu26 (highlighted in gray) are critical for binding to
Mdm?2. The structured residues are presented in bold. A high helical
content correlates with increased affinity toward Mdm2. Only the
stapled peptide maintains the helical pattern up to Leu26 and beyond.
(B) Comparison of the structures of the native pS3 peptide (blue), a
high-affinity peptide (PDB entry 3G02, green), and the stapled
peptide (yellow). The aliphatic staple encompasses two helical turns,
effectively “compressing” and strengthening the helix. Leu26 has to
assume a different conformation to fill its pocket correctly. The other
peptides gradually lose their helical pattern after Trp23. The staple
stabilizes the peptide structure, thereby reducing the entropic cost of
binding and thus improving the affinity.

competition, likely improving its binding contribution. A
unique feature of the structure is an extended hydrophobic
interface of the staple linker with LeuS4, PheSS, GlyS8, and
Met62 of Mdm?2 (Figure 1). Furthermore, in most known
Mdm?2 structures, a water molecule is hydrogen-bonded to the
GInS9 N and Phe55 O atoms, competing with their direct, a-
helix-forming bond. The staple displaces this water molecule,
which likely entropically stabilizes the complex,”' and also
shields the direct GInS9 N—PheSS O bond. Taken together,
these results indicate that the staple-Mdm2 interaction
undoubtedly contributes to the tight binding of the SAH-
p53-8 peptide.

In addition to SAH-pS3-8, several stapled peptides were
experimentally investigated (Table 1),'° and molecular
modeling studies suggested that the placement of the staple
was one of the dominating factors in the structure—affinity

dx.doi.org/10.1021/ja2090367 | J. Am. Chem.Soc. 2012, 134, 103—106
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Table 1. Staple Attachment, Helicity, and Mdm?2 Affinity of
SAH Peptides'’

peptide sequence” a helicity Ky (nM)
WT pS3 LSQETFSDLWKLLPEN 11% 410
SAH-pS3-1 LSQETFSD*WKLLPE* 25% 100
SAH-pS3-2 LSQE*FSDLWK*LPEN 10% 400
SAH-pS3-3 LSQ*TFSDLWKLL*EN 12% 1200
SAH-pS3-4 LSQETF*DLWKLL*EN 59% 0.92
SAH-pS3-S LSQETF*NLWKLL*QN 20% 0.8
SAH-p53-6 LSQQTF*NLWRLL*QN 14% 56
SAH-ps3-7 QSQQTF*NLWKLL*QN 36% 50
SAH.pS38  QSQQTF*NLWRLL*QN 85% 55

“Staple attachment positions are indicated by *.

relationships (SARs) displayed by these peptides.'® Indeed,
modeled peptides with staples that “drape” over the protein
(e.g, SAH-pS3-4—8) experimentally bind Mdm2 with high
affinity, while modeled peptides with staples that point out into
the solvent (e.g, SAH-pS3-1—3) experimentally bind with low
affinity. Our structure affirms this interaction for SAH-pS53-8
and suggests that if staples are incorporated into future peptide
designs, such as reverse®” or retro-inverso peptides”>>* aimed at
targeting Mdm?2, such peptides might profit from placing the
staple in such a way that it preserves this beneficial interaction.

One goal of stapling the p53 peptide was to increase its
helical content in the unbound state, thereby enhancing its
affinity for Mdm2."> Our study reveals two accompanying
outcomes of stapling. First, the staple makes hydrophobic
contacts with the rim of the Mdm?2 binding site, likely
enhancing the binding affinity. This may also contribute to the
18° rotation observed for the stapled peptide relative to the
wild-type peptide. This type of intimate staple-protein
hydrophobic—hydrophobic interaction was also observed in
the crystal structure of the stapled MCL-1 BH3 helix (MCL-1
SAHB)) in complex with MCL-1.>* In addition, hydrophobic
interactions between the staple of the stapled NR box peptides
(SP1 and SP2) and the estrogen receptor have been observed,
and in the case of SP1, these interactions resulted in a ca. 90°
rotation of the helix and a shift in register of 1 position of
residues relative to the wild-type peptide.”® Second, the staple
constrains the peptide to a more helical state in the bound
conformation in comparison with non-cross-linked peptides,
resulting in a conformational change in Leu26, a residue that
plays a critical role in binding Mdm2. This suggests that future
stapled p53 peptide designs might benefit from incorporating a
less restrictive staple. A longer i, i + 7 staple, perhaps 1-2
methylene units longer, might still enhance the peptide’s
affinity for Mdm?2 through preorganization of the folded state
while allowing Leu26 to bind in its native rotameric state.
Indeed, previous experimental studies suggest that longer i, i +
7 staples increase the helical content relative to the wild-type
peptide.® Our study supports the notion that in addition to
enhancing a peptide’s affinity for a protein by preorganizing the
unbound state as an a-helix, a staple can confer enhanced
affinity for a target through hydrophobic contacts with a protein
and can perturb the structure of the bound peptide relative to
the wild-type structure.

B ASSOCIATED CONTENT

© Supporting Information
Protein production, peptide synthesis, and crystallographic
analysis. This material is available free of charge via the Internet
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at http://pubs.acs.org. The structure has been deposited in the
Protein Data Bank as PDB entry 3V3B.
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Peptide synthesis

SAH-p53-8 was synthesized as previously described.*

Protein expression and purification

The recombinant human Mdm2 (residues 25-111) was cloned into the pET-20 vector
(Novagen) without an affinity tag and expressed in E. coli BL21-CodonPlus(DE3)-RIL
expression cells (Stratagene). Cells were grown at 37 °C and induced at ODggonm Of
0.8 with 1 mM IPTG. After 5 h induction at 37 °C the cells were harvested by
centrifugation. The harvested cells from 5 liters of E. coli cell culture were re-
suspended in PBS at pH 7.4 and ruptured by sonication. After centrifugation the
inclusion bodies were washed with PBS containing 0.05% Triton X-100 with
subsequent low-speed centrifugation (12000G). The procedure was repeated three
times. The inclusion bodies were solubilized with 6 M GuHCI in 100 mM Tris-HCI, pH
8.0 including 1 mM EDTA and 10 mM DTT. The protein was dialyzed at 4 °C, against
4 M GuHCI, pH 3.5 including 10 mM DTT. For renaturation, the protein was diluted
1:100 in 10 mM Tris- HCI, pH 7.0, containing 1 mM EDTA and 10 mM DTT by adding

the denatured protein drop-wise into the refolding buffer. Refolding was carried out
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for 10 h at 4 °C. Ammonium sulfate was added to a final concentration of 1.5M and
the protein was applied to the Butyl Sepharose 4 Fast Flow (GE Healthcare) and
subsequently eluted with 100 mM Tris-HCI, pH 7.2, including 5 mM DTT. The protein
was further purified by gel filtration on HiLoad 16/60 Superdex200 (Pharmacia). The
Mdmz2 containing fractions are mixed with the 2-fold excess of the peptide and
concentrated to about 10 mg/ml before the crystallization trial. The purity and folding

of the protein was measured by SDS-PAGE and 1D NMR.

X-ray crystallography

Crystallization of the Mdm2 with the peptide was achieved at room temperature by
sitting drop vapor diffusion and the protein to crystallization solution ratio of 1:1, with
the crystallization solution containing 100 mM Sodium acetate trihydrate, pH 4.75
and 2.5 M NaCl. The crystals appeared in several days and grew to a final size of
0.1 mm. They were transferred to cryoprotectant solution containing the
crystallization solution supplemented with 25% (v/v) glycerol, then directly plunged
frozen in liquid nitrogen. Native dataset to 2.0 A were collected from a single crystal
at 100 K on the SLS PXII beam line at Paul Scherrer Institute, Villigen, Switzerland
and processed using XDS and XSCALE? program. The structure of Mdm2 from PDB
entry 1YCR was used as a search model after the p53 peptide was removed. The
initial Rfactor of the solution was 0.45. The model was subsequently rebuilt using
Xfit® and refined using Refmac5 from CCP4 suite®. Data collection and refinement
statistics are given in table S1. Each asymmetric unit contains two stapled peptide —
Mdm2 complexes. Both are virtually identical (RMSD of the main chain atoms 0.7 A)
except region between Asp84-Val88 in chain A that is shifted by about 1.2 A due to
crystal contacts. The residues outside 18-27 range in the peptide are generally not

visible in electron density (one chain shows additionally GIn28-Asn30 stabilized due
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to crystal contacts) indicating that this part is flexible and do not take direct part in
binding to Mdm2. Several solvent-exposed sidechains had no interpretable electron

density and were removed from the model.
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Table S1. Data collection and refinement statistics

Data collection

Space group P2,

Cell constants (A) a=454
b=4241
c=50.5
B =90.86

Resolution range (A) 50 — 2.0

Wavelength (A) 0.999

Observed reflections 48 879

Unique reflections 13 254

Whole range

Completeness (%) 99.5
Rmerge 13.6
l/a(l) 12.45
Last shell

Resolution range (A) 20-21
Completeness (%) 99.8
Rmerge 60.6
l/o(l) 3.14

Refinement

No. of reflections 11 550

Resolution (A) 20-2.0

R-factor (%) 16.8

Riree (%0) 21.6

Average B (A% 13.42

R.m.s bond lenght (&) 0.009

R.m.s. angles (°) 1.05

Content of asymmetric unit

No. of protein complexes 2

No. of protein residues/atoms 197/1660

No. of solvent atoms 146
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