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Abstract
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Targeted inhibition of the ERK1/2 signaling pathway has received much attention after
the transient success of the BRaf inhibitor, vemurafenib, in metastatic melanoma patients
with the BRaf¥®%%E mutation. Approximately 50% of melanomas have an activating
mutation to BRaf which drives cancer cell proliferation and survival through the ERK1/2
pathway. Therapies targeting BRaf or its downstream kinase MEK1/2 have demonstrated
very promising initial clinical results. However, these treatments invariably lead to drug
resistance through the activation of alternate pathways or mutations that circumvent the
blockade and reactivate ERK1/2. Current efforts are centered on the use of combination
therapies as well as the direct inhibition of ERK1/2 itself. The purpose of these studies is
to characterize putative substrate-selective ERK inhibitors and examine their effects in
various clinically relevant models of drug resistance. Specifically melanoma cell lines
resistant to BRaf and MEK inhibitors, PLX-4032 and AZD-6244 respectively, were
generated to test the efficacy of these novel compounds in cell viability assays.
Furthermore, the potency of these molecules was evaluated in drug resistant cell lines that

overexpress MAP3KS8 (the gene encoding COT/Tpl2). The data show that these putative



substrate-selective ERK inhibitors preferentially inhibit proliferation of cell lines with
activated ERK1/2 signaling. In addition, these novel molecularly targeted therapies are
equipotent in drug resistant versus non-resistant melanoma cells. Given these
compounds’ selectivity for BRaf mutated melanoma cells and their efficacy in drug
resistance models, we submit these novel chemical entities as potential lead candidates
for new salvage therapies in patients who have become resistant to currently available
treatments. Moreover, these ATP-independent inhibitors target only select ERK1/2
functions and may be inherently less susceptible to developing their own drug resistance
as compared to complete ablation of all ERK1/2 signaling as seen with ATP-competitive

inhibitors.
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Chapter 1: Signaling Through Mitogen-Activated Protein (MAP)

Kinases*

Protein phosphorylation is a primary mechanism used by cells to transmit information
generated by extracellular signals. Extracellular signals stimulate phosphorylation
cascades, which alter protein structure and subsequent function in mediating cellular
responses. The MAP kinases are a major family of signaling proteins that utilize
phosphorylation to relay extracellular information to various destinations throughout the
cell and play important roles in normal tissue function and in the pathology of a variety of

diseases when deregulated.

1.1: Mitogen-activated protein kinase signaling pathways and phosphorylation

The mitogen-activated protein (MAP) kinase signaling pathways are important mediators
of biological responses to extracellular factors. Most biological events, including cell
proliferation, meiosis, cell death, differentiation, secretion, and migration, require MAP
kinase signaling pathways for mediating these cellular responses. There are three major
family members of MAP kinases: the extracellular signal-regulated kinases (ERK), the c-
Jun NH2-terminal kinases (JNK), and the p38 MAP kinases. MAP kinases share a
common 3-tiered kinase cascade that leads to their activation by phosphorylation (Fig.

1.1). Activation of the typical MAP kinase proteins requires dual phosphorylation of a

* Adapted from the publication: Shapiro P.; Brophy A.; De Serrano V.; Samadani R.; Toma A. Signaling
Through Mitogen-Activated Protein (MAP) Kinases (Review). Reference Module in Biomedical Sciences,
2014. http://www.sciencedirect.com/science/article/pii/B9780128012383040629.
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threonine (T) and tyrosine (Y) residue within a TXY tripeptide motif, in which X may be
a different amino acid for each MAP kinase. MAP kinases are proline-directed kinases in
that they phosphorylate serine and threonine residues that are followed by a proline on
hundreds of protein substrates including other kinases, transcription factors, and
structural proteins. Yet, each MAP kinase retains its own unique selectivity in regulating
substrates and cellular responses. Deregulation of the MAP kinase pathways plays a role
in the pathogenesis of many types of clinical situations, such as cancer, cardiovascular
disease, inflammatory disorders, and neurodegenerative disease [1]. Therefore,
understanding the regulation of MAP kinases and their cellular functions is an important
goal in the discovery of new targeted therapeutic approaches for treating human diseases.
The focus of this review will be to highlight key structural and regulatory features of the
major MAP kinases that have been well-characterized in a variety of biological systems.
Additional less well known members of the MAP kinase family will be briefly introduced
in the following sections but not discussed in significant detail. Figure 1.1 shows a
simplified overview of the proteins involved in the major MAP kinase signaling

pathways. Abbreviations for the MAP kinase signaling proteins are described in the text.
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Figure 1.1 Schematic of the major MAP kinase signaling pathways.

Extracellular signals such as growth factors, cytokines, or pathogens activate receptor tyrosine kinases
(RTK), G protein-coupled receptors (GPCR), Toll-like receptors (TLR) or cytokine receptors (CR) on the
plasma membrane (PM). Receptors couple to the downstream MAP kinase cascade through adaptor
proteins and G-proteins. Cell stress due to osmotic changes or DNA-damaging agents like ultraviolet (UV)
light may activate MAP kinase signaling pathways independent of a membrane receptor. Inactivation of
MAP kinases occurs, in part, through dephosphorylation by MAP kinase phosphatases (MKP).

1.1.1: MAP kinase Structure

The major MAP kinases, including ERK2, p38a, JNK1 and the catalytic domain of
ERKS5, share common 3-dimensional features characterized by a bi-lobed structure with a
conserved catalytic region containing the regulatory TXY phosphorylation sites in the

activation loop (Fig. 1.2). Additional regions important for enzyme catalysis include a



conserved lysine residue for ATP nucleotide binding and substrate docking sites that
confer kinase specificity. The common docking (CD) domain has been identified on all
major MAP kinases and contains negatively charged and hydrophobic amino acids that
facilitate interactions with substrates containing D-domains consisting of positively
charged and hydrophobic amino acids. Additional selectivity of substrate interactions
between MAP kinase family members in this region may be achieved by ED domain
amino acids (named for E160 and D161 on p38a). A second distinct substrate docking
site found on ERK2 and p38a consists of hydrophobic amino acids and recognizes
substrates containing an F-site, which is characterized by two phenylalanine residues

separated by an amino acid or FXF motif [2].

Figure 1.2 Diagram of the 3D structures of (A) ERK2, (B) p38a, (C) JNK1, and (D) ERKS5.

Highlights include a critical lysine (yellow spheres) in the ATP-binding region and the regulatory threonine
and tyrosine residues within the activation loop (red spheres). MAP kinase selective substrate interactions
involve common docking (CD) and ED residues (blue and green spheres) and F-site binding residues
(brown spheres). The Protein Data Bank identifications used to generate the structures for ERK2, p38a,
JNK1, and ERK5 were 4GSB, 1P38, 3ELJ, and 41C8, respectively.
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1.2: ERK MAP kinases

The original members of the MAP kinase family were identified in 1987 for their ability
to phosphorylate microtubule-associated proteins in cells treated with insulin.
Subsequently, a variety of mitogens and extracellular signals were found to regulate the
activity of these proteins; therefore, these proteins are most commonly referred to as the
ERK proteins. ERK1 (MAPKS; alternative names for the MAP kinases and their
activating kinases are indicated in parentheses using the nomenclature recommended by
the Human Genome Organization, http://www.genenames.org/) and ERK2 (MAPKZ1) are
the best studied members of the ERK family. ERK5 (MAPKT7), which has a catalytic
domain very similar to ERK2, was originally called big MAP kinase-1 for an extensive
C-terminal domain that makes it almost twice as big as ERK2. In addition, less well
known members, including ERK7 (MAPK15) and the atypical ERK3 (MAPKS®6) and
ERK4 (MAPKA4) isoforms, have been identified [3]. This section of the review will focus
on the ERK1/2 proteins, which are ubiquitously expressed in all cell types and serve

essential functions in regulating cell growth, proliferation, and differentiation.

Many different extracellular growth factors, hormones, and cytokines will lead to
activation of the ERK1/2 proteins. Although ERK1 and ERK2 are almost 90% identical
in amino acid sequence and thought to be functionally redundant, loss of ERK2 is lethal
to cells whereas ERK1 deficient cells are still viable. Once activated, ERK1/2 proteins
phosphorylate and regulate hundreds of different proteins including other protein kinases,

such as ribosomal S6 kinases, MAP kinase-activated protein kinases, and MAP kinase-



interacting kinases, which in turn regulate gene expression and protein translation [3].
Following activation, some ERK1/2 translocate to the nucleus and regulate gene
expression by phosphorylating several transcription factors, including Elk-1, c-Myc, and
activator protein-1 (AP-1) complex proteins such as c-Fos and Fra-1. ERK1/2 proteins
can also regulate the shape and motility of cells by phosphorylating structural proteins
associated with microtubules, which are important determinants of cell shape and
architecture [4]. Following activation, ERK1/2 proteins may also inhibit their own
activity by phosphorylating and inactivating upstream regulators like MEK (see below)
and guanine nucleotide exchange factors like Son of Sevenless (SOS), which inhibits

receptor tyrosine kinase activation of Ras G-proteins.

1.2.1: ERK Regulation

Currently, MAPK/ERK kinase-1/2 (MEK1/2) are the only known activators of ERK1/2.
MEK1 (MAP2K1) and MEK2 (MAP2K?2) are dual-specificity kinases that can
phosphorylate both the threonine and the tyrosine residues, which are separated by a
glutamate residue within the TEY tripeptide activation motif on ERKSs. Similarly, MEK5
also activates ERKS5 through phosphorylation of the TEY activation motif. Full activation
of the ERK proteins requires dual phosphorylation of both threonine and tyrosine
residues. The MEK1/2 proteins are also activated through dual phosphorylation of two
serine residues primarily by Raf (cRafl, BRaf, and ARaf) kinases in somatic cells and the
Mos kinase in germ cells. However, the MEK proteins, and in particular MEK5

(MAP2K5), may also be activated by other MEK kinases, including the tumor



progression locus-2 (Tpl-2) serine/threonine kinase. Additional regulators of MEK
proteins may include MEK kinase-1 (MEKK1) and mixed lineage kinase-3 (MLK3)

depending on the extracellular stimulus [3].

Raf kinase activity is modulated through phosphorylation by a variety of serine/threonine
and tyrosine kinases, including p21-activated kinase-1 (PAK1) and Src-family kinases,
and by recruitment to the plasma membrane through interactions with H, K, and N-Ras G
protein isoforms. Additional phosphorylation of Raf proteins may result in inhibition of
Raf catalytic activity and downstream ERK pathway signaling. For example,
phosphorylation of cRafl by ERK1/2 provides a negative feedback mechanism to reduce
signaling. Ras proteins are coupled to the activated membrane receptors through adaptor
proteins and provide a major link between plasma membrane receptors and activation of
the ERK signaling pathway. Importantly, mutations in primarily the K- and N-Ras
proteins are found in many cancers and lead to constitutive Ras activity that is

independent of membrane receptors [3].

The activity of the Raf-MEK-ERK signaling module is also regulated through
interactions with other binding proteins. For example, scaffolding proteins such as kinase
suppressor of Ras (KSR) or the 1Q motif containing GTPase activating protein (IQGAP)
proteins organize Raf, MEK, and ERK in a complex and may regulate the degree of ERK
activation depending on the stimulus. Activation of specific ERK isoforms may be

regulated by specific MEK-binding proteins, such as the MEK partner-1 (MP1) protein



that may be important for directing MEKZ1 interactions with ERK1 but not ERK2 in
specific cellular compartments. In addition, a Raf-interacting protein, the Raf kinase
inhibitor protein (RKIP), may function by preventing Raf activation of MEK1/2.
Although these and other ERK1/2 pathway binding proteins have been identified, their
specific roles in regulating ERK1/2 signaling events and biological functions are still

being determined [3].

Constitutive activation of the ERK1/2 MAP kinases can occur through mutations in
upstream regulators such as Ras, Raf, and MEK proteins and are associated with many
different types of cancer. Inhibitors targeting Ras have largely been unsuccessful because
they were developed based on the biology of the H-Ras isoform instead of the more
clinically relevant K- and N-Ras proteins. Activating mutations in BRaf are found in the
majority of melanoma patients and inhibitors targeting the mutant protein have seen
transient success in patients. In fact one such compound, vemurafenib, is now the first
line treatment for metastatic melanoma. Unfortunately, the tumors quickly develop
resistance to the BRaf inhibitors by alternative mechanisms to reactivate the ERK1/2
pathway. As such, recent clinical trials are underway to look at inhibitors that target the

MEK and ERK proteins directly [5].

1.3: INK MAP kinases

The c-Jun NH2-terminal kinase (JNK) proteins are an evolutionarily conserved family of

serine/threonine protein kinases. The events leading to the identification and cloning of



this family began in 1990, when a mammalian stress-activated protein kinase (SAPK)
was discovered. These experiments identified a 54-kDa protein kinase that was activated
in cells that were treated with the protein synthesis inhibitor cycloheximide. At the same
time, a protein was discovered that had affinity for the transcription factor c-Jun and
phosphorylated c-Jun on N-terminal residues when cells were exposed to ultraviolet (UV)
radiation. In 1994, isolation and cloning experiments confirmed that the JNK and SAPK
proteins were identical and belonged to the MAP kinase superfamily. Three isoforms,
JNK1, 2, and 3 (MAPKS, 9, and 10, respectively), have been shown to exist as at least 12
alternatively spliced variants. JINK1 and JNK2 are ubiquitously expressed, whereas JNK3
has a restricted expression pattern and is found mainly in the nervous system, heart, and

testis [6].

The JNK proteins have multifunctional roles and have been proposed to be involved in
tumor development, cell growth and differentiation, apoptosis, survival, and cytokine
production. JNK proteins may also mediate cardiac hypertrophic responses to
hypertension, ischemic injury in the heart and kidney, and may be involved in several
neurodegenerative diseases. Moreover, stress-induced JNK activation appears to mediate
dysfunction of pancreatic cells contributing to insulin resistance and diabetes. The JNK

signaling pathway therefore represents a potential target for therapeutic intervention [6].



1.3.1: INK Regulation

JNKSs have a similar core structure as that of ERK proteins but there are differences in the
conformation of their activation loop, resulting in differences in the mechanism of
regulation. The relatively smaller N-terminal lobe helps in the orientation and binding of
ATP, whereas the large C-terminal lobe aids in substrate recognition (Fig. 1.2). JNKSs,
like ERK proteins, are activated by phosphorylation on threonine and tyrosine residues,

which are separated by a proline within a TPY tripeptide motif in the activation loop.

Mammalian JNK proteins are activated by various extracellular stimuli, including growth
factors, cytokines, and cellular stresses such as heat shock, hyperosmolarity, UV
radiation, and ischemia/reperfusion. Although the stress-mediated activation mechanism
is not clear, it has been hypothesized that stress factors induce receptor clustering and
internalization, which lead to JNK activation [6]. The organization of the JNK activation
cascade is conserved between the other MAP kinase members, beginning with receptor
activation and followed by recruitment of adaptor molecules and activation of small
GTP-binding proteins. This is followed by three and sometimes four tiers of dual-
specificity protein kinases, which culminate in the activation of the JNK proteins. Similar
to the ERK proteins, JINK proteins target a variety of substrates and can translocate to the

nucleus, where they regulate gene expression by phosphorylating transcription factors.

JNK proteins are activated through dual phosphorylation on threonine and tyrosine

residues by MEK4 (MAP2K4) or MEK7 (MAP2K7). These different isoforms
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demonstrate selectivity depending on the extracellular stimulus. For example, MEK?7 is
primarily activated by cytokines, such as tumor necrosis factor-a (TNFa) and
interleukins (ILs). In contrast, MEK4 is primarily activated by environmental stress
stimuli such as osmotic changes and DNA-damaging agents. Although both MEK4 and
MEKTY proteins can activate JNK proteins, MEK4 can also activate the p38 MAP kinases.
Another difference is in the specificity of the two MEKS toward the threonine and
tyrosine residues within the activation site of INK; MEK4 preferentially phosphorylates
the tyrosine residue, whereas MEK?7 has a higher affinity toward phosphorylating the
threonine residue. The JNK-specific MEK proteins are activated by dual phosphorylation
of a serine and threonine residue in their activation loop, and they are found in both the
nucleus and the cytoplasm. Thus, the JNK proteins may be activated in both the nucleus

and the cytoplasm [6].

A wide variety of upstream kinases phosphorylate the MEK proteins responsible for
activating both the JNK and p38 MAP kinases. These kinases include the MEK kinases
(MEKK1-4), the mixed lineage protein kinase (MLK) family which includes MLK1-3
and the dual leucine zipper bearing kinase (DLK) and leucine zipper-bearing kinase
(LZK) subfamily, the apoptotic stimulating kinases (ASK1 and-2), transforming growth
factor-B (TGF-p) activating kinase (TAK1) and the tumor progression locus 2 (Tpl2)
kinase, which also reportedly can activate MEK1/2. Regulation of these proteins may
occur through phosphorylation by the p21-activated kinases (PAKS), the germinal center

kinases (GCKSs), and the hematopoietic progenitor kinases (HPKSs). The activity of PAKSs,
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GCKs, and HPKs is regulated by G proteins in a manner analogous to Ras G protein
activation of Raf kinases in the ERK1/2 MAP kinase pathway. In the case of the JNK and
p38 MAP kinases, members of the Rho family of G proteins are involved in the initiation

of the kinase signaling cascades following membrane receptor activation [6,7].

Similar to the ERK1/2 MAP kinases, several JNK pathway binding proteins have been
identified that function in regulating the assembly and activation of the JNK pathway.
Two such proteins have been identified as JNK-interacting proteins (JIPs), which lack
enzymatic activity but act as important organizers of INK pathway complexes. JIP1 and
JIP2 are closely related proteins that can bind to JNK proteins, MEK7, and MLK
proteins. JIP proteins may be involved in modulating JNK activity by regulating JINK

intracellular localization and activation by upstream kinases [6].

1.4: p38 MAP kinases

The 3-dimensional structure of the p38 MAP kinases are quite similar to that of the ERK
proteins (Fig. 1.2), although some differences exist in the activation loop, substrate-
binding regions, and the ATP binding site, which help to explain the differences in
regulation and function; and have been exploited in the identification of MAP kinase
specific pharmacological inhibitors. The p38 MAP kinase pathway is responsible for
mounting a cellular response to many types of stress signals. Stress stimuli that activate
p38 MAP kinase include osmotic and temperature shock, proinflammatory cytokines,

hypoxia, reactive oxygen species, and irradiation. In some circumstances, p38 may be
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activated in response to certain growth factors. There are at least six isoforms of p38
including p38al/02 (MAPK14), p38B1/f2 (MAPK11), p38y (MAPK12), and p385
(MAPK13). The p38 proteins al, B1, vy, and d are encoded by four separate genes,
whereas the a2 and 2 isoforms are the result of alternative splicing of the messenger
RNA of the al and B1 isoforms. Although all of these isoforms are similar enough to be
considered members of the p38 family, they are expressed at different levels depending
on cell type and have different affinities for p38 substrates. Thus, variable expression of
p38 MAP kinases allows exquisite regulation of cellular responses to diverse

extracellular stimuli [8].

1.4.1: p38 Regulation

Direct activation of p38 MAP kinases occurs through dual phosphorylation of threonine
and tyrosine residues by primarily MEK3 and 6 (MAP2K3 and MAP2K®6, respectively)
and, in some cases, MEK4. Activators of MEKS, -4, and -6 were previously described.
Like the ERK and JNK MAP kinase pathways, activation of p38 MAP kinase proteins
occurs through a kinase cascade, which is often initiated by activated membrane

receptors [8].

Upon activation, p38 MAPK phosphorylates other kinases in the cytosol and translocates
to the nucleus, where it phosphorylates and activates transcription factors as well as
proteins that modify the topological structure of DNA. Downstream targets of p38 MAP

kinases regulate the expression of genes responsible for inflammatory responses,
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including the expression of TNF-a, IL-1pB, and IL-6 cytokines. Because of its key role as
a regulator of the inflammatory response, p38 inhibitors have been developed as anti-
inflammatory drugs to treat acute and chronic inflammatory diseases, such as rheumatoid
arthritis, Crohn's disease, and ulcerative colitis. Despite the tremendous potential to target
p38 in the treatment of these inflammatory diseases, p38 inhibitors have thus far largely

been unsuccessful in clinical trials due to liver and other toxicities [8,9].

1.5: MAP Kkinase activation by receptor tyrosine kinases

The ERK MAP kinase pathway is activated by several growth factor ligands that
stimulate RTK activity, including epidermal growth factor (EGF), fibroblast growth
factor (FGF), hepatocyte growth factor (HGF), insulin or insulin-like growth factors
(IGF), platelet-derived growth factor (PDGF), and vascular endothelial growth factor
(VEGF). Ligand binding induces receptor dimerization and the activation of intrinsic
tyrosine kinase activity, which causes autophosphorylation of tyrosine residues in the
cytoplasmic domain. The phosphorylated tyrosine residues of the receptors provide
docking sites for Src homology-2 (SH2) domain-containing adaptor proteins, such as
SH2-containing collagen-related proteins and growth factor receptor-bound protein-2
(Grb2). Grb2 recruits the guanine nucleotide exchange factor protein SOS, which
promotes the active GTP-bound form of Ras and subsequent activation of the MAP

kinase signaling pathways [3].
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As mentioned previously, membrane receptor clustering and internalization may be a
mechanism for activation of JNK and p38 MAP kinases under cellular stress conditions,
such as heat shock, irradiation, or hyperosmolarity. In addition, similar to the ERK
proteins, activation of the JNK and p38 MAP kinases pathways may also be through
RTKSs or cytokine receptors responding to extracellular cytokines such as TNFa and IL-
1B. RTK stimulation of Ras G protein, in addition to activating Raf-1 kinase and the ERK
pathway, may also activate MEK kinases (MEKK1-4) involved in activating the JNK and

p38 pathways [6,8].

1.6: Activation of MAP kinases through G protein-coupled receptors

G protein-coupled receptors (GPCRs) are integral membrane proteins that contain regions
that pass through the membrane seven times; thus, the GPCRs are also referred to as
seven-transmembrane spanning or serpentine receptors. GPCRs are coupled to
heterotrimeric G proteins consisting of many unique o, 3, and y isoforms that facilitate
the regulation of other signaling proteins. The G protein a subunit binds to GTP and
contains the GTP-hydrolyzing activity, whereas the § and y subunits contain other
regulatory information. A wide variety of GPCRs, including the adenosine A1, a-
adrenergic, and muscarinic acetylcholine receptors, as well as endothelin, angiotensin,
histamine, glucagon, and thrombin receptors, initiate physiological responses through

activation of MAP kinase pathways.
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GPCR activation of MAP kinases may occur through G protein activation of
phospholipases, which hydrolyze membrane phospholipids and generate second
messengers such as diacylglycerol (DAG) and inositol triphosphate (IP3). IP3 stimulation
of intracellular Ca2+ and DAG can activate protein kinase C, which phosphorylates and
activates Raf kinase. Alternatively, activated GPCRs may transactivate RTKSs, which feed
into downstream MAP kinase signaling pathways. For example, MAP kinase activation
by endothelin or thrombin receptors is coupled to coactivation of the EGF receptor family
of RTKSs, and the RTK activity is required for endothelin- or thrombin-induced MAP

kinase activity [7].

Other mechanisms for activating MAP kinase pathways may be through the G protein 3
and y subunits, which can activate nonreceptor tyrosine kinases belonging to the Src
protein family. Src kinases can phosphorylate tyrosine residues on the cytoplasmic
domains of receptors and enhance Ras activity or directly phosphorylate and regulate Raf
kinase activation. Activation of JNK and p38 MAP kinases by GPCRs has been shown to
involve the Ga and the Gy subunits as well as the activation of the Rho and Ras families
of GTPases. Depending on the cell type and the receptor stimulated, Ga or Gy or both

may be involved in the activation of the MAP kinase pathways [7].

1.7: Other mechanisms for activating MAP kinases

Activation of the MAP kinase signaling pathways may occur through cell-permeable

factors such as steroid hormones, which bind to soluble cytoplasmic and nuclear
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receptors. For example, estradiol, progesterone, and testosterone activate MAP kinase
indirectly through steroid receptor interactions with membrane-associated receptors. One
proposed mechanism is that estradiol receptors are coupled to membrane-bound receptors
such as the EGF receptor, which then facilitate the activation of the MAP kinase
signaling pathway in a manner similar to transactivation by GPCRs described previously.
Moreover, GPCRs may mediate steroid hormone activation of RTK and MAP kinase
signaling. Membrane-bound receptors belonging to the receptor serine/threonine kinase
RSTK family that undergo serine or threonine autophosphorylation on the cytoplasmic
domains also regulate MAP kinase signaling pathways. For example, the TGF-8
receptors are RSTKSs that regulate a wide variety of biological responses, including cell
proliferation, differentiation, extracellular matrix production, and cell death, through the
p38 MAP kinases. Activated TGF-f receptor stimulates TAK 1, which is a novel MEK
kinase that stimulates MEK3/6 and p38 and may inhibit cell proliferation. Interestingly, a

TAK1 binding protein (TABL) can interact directly with p38a and cause activation of

p38a independent of upstream MKK3/6 kinases [1].

1.8: MAP Kkinase regulation by phosphatases

Inactivation of MAP kinase signaling pathway is accomplished largely through
dephosphorylation of threonine and tyrosine residues by unique protein tyrosine
phosphatases called dual-specificity phosphatases (DSPs). Of the DSP family, at least six
MAP kinase phosphatases (MKPs) have been identified. The MKP proteins show some

specificity toward the MAP kinase family members. For example, although MKP1 and
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MKUP2 can target activated ERK, JNK, and p38, MKP3 and MKP4 are specific toward
ERK proteins, and MKP5 and MKP6 specifically dephosphorylate JNK and p38. Growth
factor activation of the ERK proteins stimulates the expression of MKP1, thus providing
a mechanism by which ERK proteins down-regulate their own activity. Other
phosphatases belonging to the serine/threonine phosphatases may also play an important
role in down-regulating MAP kinases. For example, protein phosphatase 2A (PP2A) is
able to inhibit MEK1/2 and ERK1/2 activity in the absence of growth factor-induced
DSPs. Similarly, PP2A has been identified as a JNK phosphatase. MAP kinase pathways
are also regulated by protein serine/threonine phosphatases of the type 2C (PP2C) family.
At least two members of the PP2C family, PP2Ca and-3, dephosphorylate and inactivate

the INK MAP kinases [3].

1.9: Dysregulation of ERK and Melanoma

Melanoma is the sixth most common cancer in the United States with the number of new
cases rising faster than any other cancer. Patients diagnosed with metastatic melanoma
have a median survival rate of only 6-15 months and until recently have had very few
treatment options. The vast majority of melanomas have activating mutations in
upstream regulators of the extracellular signal-regulated kinase (ERK) signaling pathway.
Approximately 50% of melanomas have an activating V600E mutation to the BRaf
protein and about 20% have activating NRas mutations primarily at residue Q61, which is

changed to a lysine or arginine [10].
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The targeted inhibition of the ERK 1/2 signaling pathway has received much attention
after the transient success of the BRaf inhibitor, vemurafenib, in metastatic melanoma
patients with the BRaf\VV600E mutation. However, despite promising initial results, the
tumor invariably becomes resistant to the BRaf inhibitor and the patient eventually
succumbs to the disease [11]. Recent studies have been aimed at determining the
mechanisms of resistance and several have been identified (Fig. 1.3). Most resistance
mechanisms involve reactivation of the ERK pathway either through upregulation or
mutation of upstream enzymes that feed into ERK. Although some resistance
mechanisms activate separate pathways, namely PI3K/AKT signaling, most tumors

appear to be addicted to ERK for survival [12].
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Figure 1.3 Potential mechanisms of resistance to ERK pathway inhibitors in B-Raf muated melanoma.
Resistance may occur through activating mutations in MEK or Ras proteins or upregulation of receptor
tyrosine kinases (RTK) like PDGFR, other MEK kinases (C-Raf and MAP3K8), or increased activation of
alternative survival pathways (Akt).

1.10: Conclusion

The MAP kinase signaling pathways regulate most physiological functions throughout
the life span of a diverse range of organisms, from yeast to humans. Activation of MAP
kinases occurs through plasma membrane receptor-dependent and -independent
mechanisms in response to extracellular stimuli or genetic mutations. Importantly,
dysregulation of MAP kinase pathways is involved in many human diseases. Therefore,
understanding how MAP kinases are regulated and their cellular functions is an important

goal for the development of new targeted therapies in a variety of diseases.
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Approximately 8% of all cancers and the majority of melanoma tumors have an
activating mutation in the ERK pathway [10]. These cancer cells become addicted to
ERK signaling for their survival and are able to become resistant to molecularly targeted
therapies aimed at shutting off the pathway. Current efforts to combat the scourge of
resistance in melanoma are centered on the use of combination therapies or the direct
inhibition of ERK1/2 itself with ATP competitive inhibitors. An alternative strategy is the
use of substrate selective ERK inhibitors currently under development that can
selectively inhibit some but not all ERK signaling. These inhibitors could potentially one
day be used in therapeutic combinations or as salvage regimens in melanoma patients
who have developed resistance to current Raf and MEK inhibitor therapies. They may
also be less prone to the selective pressures that drive the development of resistance since

they do not block all ERK signaling.
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Chapter 2: Structural Modifications of (Z)-3-(2-aminoethyl)-5-(4-
ethoxybenzylidene) thiazolidine-2,4-dione that Improve Selectivity for

the Inhibition of Melanoma Cells Containing Active ERK Signaling*

Towards the development of potent and selective inhibitors of melanoma cells containing
active ERK signaling, we herein report on the pharmacophore determination and
optimization of the ERK docking domain inhibitor (Z)-3-(2-aminoethyl)-5-(4-

ethoxybenzylidene)thiazolidine-2,4-dione.

2.1: Introduction

The extracellular signal-regulated kinases-1 and 2 (ERK1/2) are ubiquitous mediators of
intracellular signaling events and are regulated in response to a variety of membrane
receptors including receptor tyrosine kinases (RTK), G-protein coupled receptors, and
cytokine receptors [1]. Activated receptors promote the sequential activation of the Ras
G-proteins, Raf kinases, MAP or ERK kinases 1 and 2 (MEK1/2), and finally ERK1/2.
MEKZ1/2 are thought to be the primary kinases that directly activate ERK1/2 through
phosphorylation of a threonine and a tyrosine located in a TXY motif found in MAP

kinase family members [1b]. The ERK proteins may phosphorylate and regulate the

* Adapted from the publication: Jung KY*, Samadani R*, et. al. Structural modifications of (2)-3-(2-
aminoethyl)-5-(4-ethoxybenzylidene)thiazolidine-2,4-dione that improve selectivity for inhibiting the
proliferation of melanoma cells containing active ERK signaling. Org Biomol Chem. 2013 Jun
14;11(22):3706-32. [PMID: 23624850] *These authors contributed equally to this work
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activity of hundreds of different substrate proteins found in both the cytoplasm and
nucleus [1b,2]. As such, many extracellular signals use ERK1/2 to transmit information
to regulate a variety of cellular functions including proliferation, survival, differentiation,

and migration.

Significant efforts in developing anti-cancer therapies have focused on targeted inhibition
of the ERK1/2 pathway in the context of cancers containing activating mutations in
upstream RTK, Ras and B-Raf proteins [3]. The utility of many of these targeted
compounds has been limited due to issues with lack of efficacy, toxicity, and the
development of drug resistance through mutations or activation of alternative survival
pathways [3l, 4]. Promising new drugs that target the mutated and active form of B-Raf
in melanoma cells have clinical limitations due to the unanticipated activation of the
ERK1/2 pathway through alternative mechanisms and the activation of compensatory

signaling pathways that lead to drug resistance [5].

While constitutive activation of the ERK1/2 proteins function in sustaining cancer cell
proliferation and survival, regulated activity of ERK1/2 serves integral roles in normal
cell processes. Thus, in the absence of discriminating between cancer and normal cells,
inhibitors that completely block ERK1/2 signaling are destined to have off-target toxicity
to normal cells. Given that ERK proteins may have nearly 300 interacting partners with
over half of these being phosphorylated substrates [2], the identification of molecules that

disrupt ERK1/2 interactions with substrates relevant to cancer cell proliferation and
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survival may have a significant impact on the development of novel inhibitors that
prevent the phosphorylation and regulation of ERK substrates involved in disease
processes while preserving ERK functions in normal cells. In the current studies, we
describe the optimization of compounds that are predicted to target ERK substrate
docking sites and their selective inhibition of melanoma cancer cells containing
constitutively activated ERK signaling. Moreover, we show that optimized compounds
are effective at inhibiting melanoma cells that have become resistant to B-Raf targeted

therapies.

2.2: Chemistry

We previously reported the successful use of computer-aided drug design (CADD) to
search for low-molecular-weight docking domain inhibitors of ERK [6]. One of the
compounds, identified as 76, binds ERK2 with a Kd value of 5 uM and blocks
phosphorylation of the downstream ERK targets RSK-1 and Elk-1. Moreover, 76
inhibited growth of HeLa cervical carcinoma and A549 lung carcinoma cells as assessed
by colony formation assay in a dose dependent manner with 1C50 values of ~20 uM [6b].
Compound 76 was selected to target a polar cleft within the D-recruitment site (DRS),
which facilitates ERK interactions with substrates containing D domains (also referred to
as the DEJL motif or Docking site for ERK or JNK, LXL) [7]. The DRS consists of
aspartate residues that form the common docking (CD) and threonine residues in ED
docking sites [8]. It was predicted that the primary amino group of 76 is engaged in salt

bridge interactions with Asp316 and Asp319 of the CD site and was within 5-7A of
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Thrl57 and Thr158 of the ED site [6b]. In addition, commercially available analogues of
76 obtained from a structure-based similarity search showed activity in preliminary
experiments (not shown) indicating the compound to be a suitable lead for additional
optimization [9]. To determine the pharmacophore of 76, which would help direct future
optimization efforts, we embarked on a structure—activity relationship (SAR) study.
Comprised of three distinct fragments — a 4-ethoxybenzylidene group, a thiazolidine-2,4-
dione (*TZD”) core and an ethylamine tail (Fig. 2.1) — compound 76 can be synthesized
in just three linear steps (Fig. 2.2). Briefly, a Knoevenagel condensation of thiazolidine-
2,4-dione 1 with 4-ethoxybenzaldehyde afforded benzylidene 2. Alkylation of the acidic
imide NH of 2 was next accomplished via Mitsunobu conditions with N-trityl-
ethanolamine to give 3, which, upon brief treatment with TFA, furnished the lead

compound 76.

4-ethoxybenzylidene

m ethylamine
EtO TN

NH2

76

Figure 2.1 The structural components of lead compound 76.
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Figure 2.2 Synthesis of compound 76
(a) 4-ethoxybenzaldehyde, cat. piperidine, EtOH, reflux, 16 h, 77%;
(b) HOCH2CH2NHTTY, PPh3, DIAD, THF, rt, 16 h, 75%;
(c) TFA-CH2CI2, 1:1, rt, 30 min, 99%.

Recently, Li et al. conducted an SAR analysis of the 4-ethoxyphenyl moiety of 76 [10]. It
was found that shifting the 4-ethoxy group to the 2-position of the phenyl ring led to
increased inhibition of human leukemia U937 cell proliferation. In a subsequent study,
removal of the 4-ethoxy group and extension of the benzylidene moiety to a 3-
phenylpropylidene moiety furnished a dual inhibitor of the Raf/MEK/ERK and PI3K/Akt
signaling pathways [11]. In the present work, a cell-based SAR analysis of 76 focused on
the thiazolidine-2,4-dione component and ethylamine moiety, in which cancer cells with
activated ERK signaling were employed. Additionally, further novel analogs that
explored the SAR of the 4-ethoxyphenyl group were also prepared, directly

complementing the aforementioned studies [10].
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2.2.1: Thiazolidine-2,4-dione (“TZD”’) SAR

In order to determine the contribution of the TZD portion of 76 to the inhibition of ERK,
we prepared all of the TZD analogues depicted in Figure 2.3. First, to examine its role,
the benzylidene C=C double bond of 76 was chemoselectively reduced with LiBH4 as
shown in Figure 2.3A to deliver compound 4, the imide nitrogen of which was alkylated
with N-Boc-2-bromethylamine to give 5, and then TFA-mediated removal of the Boc
group furnished target molecule 6. In order to generate the rhodanine analogue 9 of 76,
the chemistry carried out was the same as that set forth in Figure 2.2, substituting 2,4-
thiazolidinedione 1 for rhodanine 7. For the cyclic imide derivative 13, reaction of
maleimide 10 with triphenylphosphine (PPh3) afforded the stabilized phosphorane 11,
which underwent a Wittig reaction with 4-ethoxybenzaldehyde to furnish benzylidene 12.
N-Alkylation of 12 with N-Boc-2-bromoethylamine, and subsequent removal of the Boc
group gave the imide-functionalized product 13. Acetylation of pyrrolidin-2-one 14,
followed by a modified Knoevenagel condensation reaction with 4-ethoxybenzaldehyde
yielded benzylidene 16. In this case, the amide NH of 16 was insufficiently acidic to
undergo the Mitsunobu reaction with N-trityl-ethanolamine 5; instead, N-trityl-
ethanolamine was first activated as its O-mesylate and then conjugated to the amide
anion of 16. Deprotection of the Tr group by treatment with TFA afforded the target
molecule 17. Finally, to investigate the importance of the cyclic nature of the 2,4-
thiazolidinedione ring of 76, we constructed the acyclic analog 20. Once more, a
Knoevenagel condensation played a key role in the synthesis, conjugating malonic acid

18 to 4-ethoxybenzaldehye to furnish the cinnaminic acid derivative 19, which was then
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coupled to N-Boc-ethylenediamine and subsequently deprotected to give acrylamide

derivative 20.
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Figure 2.3 Preparation of thiazolidine-2,4-dione (TZD) analogues

(a) LiBH4, THF—pyridine, 80 °C, 12 h, 77%; (b) BrCH2CH2NHBoc, K2CO3-, DMF, rt, 16 h, 43 — 53%;
(c) TFA/CH2CI2, 1:1, 11, 1 h, 43 — 99%; (d) 4-ethoxybenzaldehyde, cat. piperidine, EtOH, reflux, 1 — 16 h,
77 — 93%; (e) PPh3, acetone, reflux, 1 h, 83%; (f) Ac20, THF, reflux, 2 h, 77%,; (g) 4-ethoxybenzaldehyde,
NaOtBu, 0 °C to 55 °C, THF, 1 h, 45%; (h) MSsOCH2CH2NHTT, NaH, rt, DMF, 16 h, 58%; (i) 4-
ethoxybenzaldehyde, piperidine, pyridine, 120 °C, 4 h, 99%; (j) BocNHCH2CH2NH2, HBTU, DIPEA,
DMF, rt, 3 h, 99%.
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2.2.2: Ethylamine SAR

The ethylamine group of 76 was modulated to a variety of alternative groups; these can
be divided into three categories: alkylamino substitutions, N-functionalized ethylamino
substitutions, which may be further sub-divided into basic and non-basic substitutions,
and, finally, alkyl and benzylic substitutions. For the alkylamino substitutions, which
were designed to investigate the optimal spacer between the thiazolidinedione ring and
the basic amino group, as well as the identity of the basic group, benzylidene 2 was
prepared as earlier described. The imide NH of 2 was next alkylated via classical
conditions or the Mitsunobu reaction with the appropriate bromide or alcohol,
respectively, to afford N-Boc or N-Tr intermediates 21, as shown in Figure 2.4, which
were then deprotected under acidic conditions to deliver the final products 22 as their

TFA salts.

o) o
RS a X
Low — [ N-x
E10 ~ B0 S~{  NHBocor NHT
o o
2 21a-e
o)
b 2
—_ N-X
Et0 S~{  NH.TFA
o

22a-e

Figure 2.4 Alkylamino substitutions of compound 76 ethylamine group
(a) Br-X-NHBoc, K2CO3, DMF, rt, 3 h, 16 — 79% or HO-X-NHTr, PPh3, DIAD, THF, 45 °C, 16 h, 99%;
(b) TFA-CH2CI2, 1:1, rt, 1 h, 36 — 97%.
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For the basic N-functionalized ethylamino substitutions, 76 was converted to secondary
amines 23a-e either through mono-reductive amination conditions or de novo syntheses,
and tertiary amines 24a-c through one-pot double-reductive aminations (Fig. 2.5). In the
course of our work, we discovered that the neutral N-Boc-protected derivative of 76
exhibited some activity in the cellular assays. Presumably, this molecule exhibits a
different binding mode to the parent compound that carries a basic, primary amine.
Nonetheless, we elected to investigate further substitutions of this ethylamino group that
included additional non-basic derivatives. Compound 76 was thus subjected to a variety
of acylations, alkoxycarbonylations and sulfonylations to furnish the corresponding
amides 25a-d, carbamates 26a—e and sulfonamides 27a—c, respectively, according to

standard techniques outlined in Figure 2.5.
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Figure 2.5 N-functionalized ethylamino substitutions of compound 76 ethylamine group

a) R2CHO, NaBH(OACc)3, CH2CICH2CI, rt, 16 h, 38 — 69%; (b) 1. HOCH2CH2N(R)Tr, PPh3, DIAD,
THF, rt, 16 h; 2. TFA-CH2CI2, rt, 30 min, 28 — 37% (two steps); (c) excess R2CHO, NaBH(OAC)3,
CH2CICH2CI, rt, 16 h, 69 — 93%; (d) (RCO)20, CH2CI2, DIPEA, rt, 16 h, 81 — 92% or 4-cyanobenzoic
acid, HBTU, DIPEA, DMF, rt, 16 h, 92%; (e) ROCOCI, DIPEA, CH2CI2, rt, 16 h, 96 — 98%; (f) RSO2CI,
DIPEA, CH2CI2, rt, 16 h, 92 — 98%;

Finally, for the non-amino-based alkyl and benzylic substitutions, the imide NH of 3 was
functionalized using classical conditions with K2CO3 and the appropriate alkyl or
benzylic bromide or chloride at room temperature, 60 °C or 100 °C, depending on the

reactivity of the halide, to afford compounds 28a-s (Fig. 2.6).
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Figure 2.6 Alkyl and benzylic substitutions of compound 76 ethylamine group
a) HO-X-NHTr, PPh3, DIAD, THF, 45 °C, 12 h, 61 — 95%; (b) RBr, K2CO3, DMF, rt or 100 °C, 3 h, 78 —
99% or RCI, K2CO3, DMF, 60 °C, 3 h, 93 - 96%.

2.2.3: 4-Ethoxyphenyl SAR

Variation of the 4-ethoxyphenyl component of 76 was accomplished with ease via the
chemistry described in Figure 2.7. After a Mitsunobu reaction of 1 with N-trityl-
ethanolamine, resulting compound 29 was subjected to Konevenagel condensations with
a variety of aldehydes, and then subsequently deprotected under acidic conditions to

furnish the final molecules 30a-l.
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Figure 2.7 Variation of the 4-ethoxyphenyl component of compound 76
(a) HOCH2CH2NHTTY, PPh3, DIAD, THF, rt, 16 h, 75%; (b) 1. R’CHO, cat. piperidine, EtOH, reflux, 16 h;
2. RBror RI, K2CO3, DMF, 70 °C, 12 h; 3. TFA-CH2CI2, 1:1, rt, 30 min, 20 — 73% (two or three steps).

2.3: Biology

For initial phenotypic screening, we evaluated the activity of 76 analogues on
proliferation of A375 and SK-MEL-28 melanoma cell lines, which have constitutively
active ERK1/2 due to a homozygous mutation in B-Raf that drives proliferation and
survival [12]. In addition, compounds were tested in RPMI-7951 cells, which also
contain mutated B-Raf and are resistant to B-Raf inhibitors due to the overexpression of
MAP3KS (the gene encoding COT/Tpl2) that provides an alternative mechanism to
indirectly or directly activate ERK proteins [5c, 13]. We also studied the compounds’
effects on HL-60 leukemic cells that are p53 defective and have an activating mutation in

N-Ras, and therefore also demonstrate upregulation of ERK1/2. For comparison, HeLa
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cervical carcinoma and Jurkat T-cell leukemia cells, which are p53 defective cancer cell
lines but contain no known activating mutations in the ERK pathway, were studied [14].
All compounds were initially tested at 100 puM for their abilities to inhibit cell
proliferation, and data are presented as a percentage of the vehicle-treated control
(100%). Table 2.1 shows the cell data for analogues of 76 in which the TZD core was
varied. As compared to the parent compound 76, which showed selective inhibition of
melanoma cells, reduction of the benzylidene double bond (compound 6) led to almost
complete loss of growth inhibition activity in all cell lines, indicating this double bond
plays either a structural role to maintain 76 in a -strand-like structure [15] and/or is
functionally significant as a Michael acceptor. That is, the biological activity of 76 may
derive, in part, from its ability to act as an irreversible inhibitor through covalent
alkylation of amino acid side chains, particularly cysteines, on the surface of ERK1/2
proteins. The isosteric replacement of the 2-carbonyl oxygen with a sulfur atom
(compound 9) resulted both in a reduction of inhibitory activity and a reduction in
selectivity for melanoma cells. The endocyclic sulfur appears to be important, since its
replacement with an isosteric methylene group (compound 13) resulted in a less potent
and selective inhibitor of cells containing B-Raf or N-Ras mutations compared to the
parent compound 76, indicating the sulfur atom may function as a hydrogen bond
acceptor. Removal of the carbonyl group of 13 that is juxtaposed to the endocyclic sulfur
in 76 resulted in compound 17 that was almost completely bereft of inhibitory activity
(Table 2.1). Furthermore, deletion of the two endocyclic methylene groups of 17 afforded

the non-cyclic compound 20, which exhibited little inhibition of any of the cells. Taken

35



together, these data confirm the importance of the benzylidene double bond and the TZD

core towards effective inhibition of cell lines harboring constitutive ERK activation.

Table 2.1 Cell proliferation SAR of thiazolidine-2,5-dione (TZD) ring of 76

Compound Cell Viability (% of Vehicle), pM
Number Structure
SK-MEL-28 A375 RPMI-7951  HL-60 Hela Jurkat

&

76 WN 117 212 0.3 £0.02 4.4 +1 53+3 59 +5
EtO Sﬂ'\’ KNHE

6 /WN 88 +3 92 +6 70+5 41 +17 90 +4 108 =10
EtO s\« meg

=

9 WN 45+7 21 £10 33=x2 79+3 266 52+4

EtO Sx( L ,

13 A 65+4 20+3 1925  58:28 7552  100+10
EtO _\_NH2
o
o
17 mw 79+6 952 96 +3 739 8954 92:2
E10 N\ nh,
o

BN N/\VNHz
20 H 834 81+5 93+9 59 +25 94 +5 897
EtO

With the exception of the longer 3-propylamine derivative 22a, modification of the ethyl
portion of the ethylamine tail of 76 led to either a reduction in activity and/or selectivity

against melanoma cells (compare data for 76 with that for 22a—e in Table 2.2). Alkylation
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of the primary amino group of 76 to afford secondary amines resulted in a drop in
inhibitory activity with small groups (e.g. methyl, 23a) that could be recovered with
bulkier groups (e.g. isobutyl, 23c; phenyl, 23d). However selective inhibition of cell lines
containing activating B-Raf or N-Ras mutations was largely lost. These findings reveal
the significance of the primary amino group of 76, suggesting it may engage in multiple
hydrogen bonds. The corresponding tertiary amines 24a—c exhibited no inhibition of any
of the cell lines. Similarly, little inhibition of cell proliferation was observed upon
replacement of the ethylamine group (pKa ~ 10) with the less basic imidazole derivative
28a (pKa ~ 7) or the 2-aminopyridine derivative 28b (pKa ~ 6), the latter of which could
be envisaged to engage in hydrogen-bonded chelates with Asp316 or Asp319 through its
tautomeric pyridin-2(1H)-imine. However, growth inhibitory activity was observed with
the considerably more basic (pKa ~ 12) guanidine derivative 28c, although there was no
apparent selectivity for the melanoma cells over HL-60, HeLa or Jurkat cells. A finely-
tuned basic group, therefore, is required at the terminus of the ethyl group of 76 to confer

both potency and selectivity against cells with constitutive ERK activation.

In general, data in Table 2.3 demonstrate that blockade of the amino group of 76 as
neutral amides, carbamates and sulfonamides (25a—27c) afforded compounds with little
to no inhibitory activity, underscoring the importance of the basic character of the
primary amino group of 76, which is consistent with binding acidic residues, such as
Asp316 and Asp319, in salt bridge interactions, as originally proposed [6b]. An exception

is the Fmoc derivative 26e, which demonstrated selective inhibition of melanoma cells.
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Table 2.2 Cell proliferation SAR of basic replacements of ethylamine tail of 76
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Table 2.3 Cell proliferation SAR of N-functionalization of ethylamine tail of 76
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As shown in Table 2.4, removal of 3 and replacement of the ethylamine moiety with non-
basic groups 28d-s for the most part eliminated selectivity and potency in inhibiting
melanoma cell proliferation, reinforcing the significance of this component of lead

compound 76 that was established above (Tables 2.2 and 2.3).

Particularly noteworthy is that the isosteric replacements of the primary amino group
with methyl 28d, hydroxyl 28e and chloro 28f indicated that a polar and basic group is
required at the terminus of the ethyl chain. In sharp contrast, para-substituted benzoic
acid derivative 28q proved highly selective for inhibiting A375 cells but not the other
melanoma cell lines with mutated B-Raf suggesting this compound may have other
cellular targets. Furthermore, we discovered that the location of the carboxylic acid
functional group of 289 was significant, as evidenced by the meta 28r and ortho 28s
isomers, which had reduced inhibition of and selectivity towards A375 cells. Given its
lack of basic character, 28q may also target a different binding site than the lead

compound 76.
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Table 2.4 Cell proliferation SAR of non-basic ethylamine replacements of 76
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Some of the greatest variation in inhibitory potency and selectivity was seen upon
changes in the 4-ethoxyphenyl group of 76 (Table 2.5). First, the importance of the 4-
ethoxy moiety was established by synthesizing and testing unsubstituted compound 30a,
which showed some inhibition only in the HL-60 cell line. Moreover, the location of the
ethoxy group proved significant, since shifting it from the para (compound 76) to the
meta or ortho positions (compounds 30b and 30c, respectively) resulted in reduced
growth inhibition and selectivity for melanoma cells with activating mutations in the
ERK pathway, although inhibition of HL-60 cells was maintained. Comparison of the
data for the para-substituted isosteres 30d and 30f reveal that a polar group at this
position is preferred to deliver both potency and particularly, selectivity for inhibiting
melanoma and HL-60 cells. This is supported by comparing the data for the isosteres 76
and 30e, wherein the latter, although a potent inhibitor of the melanoma cell proliferation,
exhibits 10 fold less selectivity for HL-60 cells, which must be attributed to the
replacement of the para-oxygen with a para-methylene group. The addition of further
hydrophobicity to the para-hydroxyl of 30f also generated potent and selective inhibitors
with para-benzyloxy and para-isobutoxy derivatives 30g and 30h, respectively,
completely inhibiting proliferation of melanoma and HL-60 cells and demonstrating
excellent selectivity over HeLa and Jurkat cell lines. Given that Li et al. had discovered
substitution at the ortho position of the phenyl ring of 76 resulted in compounds with
potent activity against the proliferation of human leukemia U937 cells [10], we prepared
the focused set of ortho-functionalized congeners 30j—I. Indeed, this led to a series of

highly cytotoxic compounds. However, at the same time, selectivity at 100 uM for the

42



ERK-dependent melanoma cell lines appeared to be lost. These data indicate that the
pharmacophore of 76 requires a 4-alkoxyphenyl group connected to a TZD ring by virtue
of a cis-double bond, along with an ethyl linker connecting a primary amine to the imide
nitrogen of the TZD ring. Whilst the endocyclic sulfur appears to be important, the cis-
double bond is not. Functionalization of the primary amino group of 76 was detrimental
to its biological activity, suggesting its basicity and capacity to engage in several

hydrogen bonding interactions are important for inhibitory activity.
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Table 2.5 Cell proliferation SAR of 4-ethoxyphenyl moiety of 76
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The initial screening of compounds suggested several new compounds that were selective
inhibitors of cancer cell lines with activated ERK signaling. To further examine the
effects of potential lead compounds, we performed dose-response assays to determine
G150 values on a select number of compounds that showed selectivity for inhibiting
proliferation of cells with activated ERK signaling. An example of the dose response
curve for compound 30h and the B-Raf inhibitor PLX4032 for inhibiting the growth of
melanoma cell lines is shown in Figure 2.8. Importantly, these data demonstrate that 30h
is equally effective at inhibiting melanoma cells that have become resistant to PLX4032
as it is against PLX4032-sensitive cells. A summary of GI50 values for select lead
compounds along with comparisons to known ERK pathway inhibitors in various cell
lines is shown in Table 2.6. These data highlight several key points of these structure
activity relationship studies. First, thiazolidinedione compounds have been identified to
be selective inhibitors of cancer cell lines containing activated ERK signaling. Second,
changes in the 4-ethoxyphenyl component of the parent compound 76 improve selectivity
and potency for inhibiting melanoma cell growth. Third, compound 30h is a potent
inhibitor of melanoma cell lines that have become resistant to the clinically relevant B-
Raf and MEK inhibitors. As shown in Table 2.6, 30h is about three times as potent as the
MEK inhibitor AZD6244 in preventing growth of the drug-resistant RPMI17951
melanoma cell line. Lastly, 30h is as potent as the ATP-competitive pyrazolylpyrrole
ERK inhibitor [16] in preventing melanoma cell proliferation and provides an alternative
non-ATP-dependent approach to target cancer cells that are dependent on active ERK

signaling.
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Figure 2.8 Melanoma cell growth inhibition dose response curves for PLX4032 and lead compound 30h.
Melanoma cells (A375, SK-MEL-28, and RPMI7951) were seeded at a density of 5,000 cells / well in a 96-
well plate. After overnight incubation, cells were treated with varying doses of PLX4032 (A) or 31h (B) for
two days. Cell viability was determined by the addition of Cell Titer-Blue Reagent (20uL/well) followed
by 2 hours of incubation at 37°C after which fluorescence was recorded (555/585nm). Cell viability was
expressed as percentage of vehicle control and data represent the average of three individual experiments.
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Table 2.6 G150 values (uM) of select lead compounds. (ND = not determined)

Compound | A375 | 5% RPMI7951 Hela Jurkat
76 29 34 46 >100 >100
22a 24 46 17 ND  ND
309 2 36 11 ~100 >100
30h 70 90 70  >100 >100

PLX4032 | 007 038 11  >10 >10

AZD6244 | 003 017 20  >10  >10

ERKInh. | 50 4.0 11 >10 >10

To further demonstrate that the test compounds were targeting the ERK signaling
pathway, we examined the activity of the activator protein-1 (AP-1) promoter and the
serum response element (SRE), which are regulated by the ERK substrates c-Fos and
Elk-1, respectively [17]. Compounds 76 and 30g were both potent inhibitors of AP-1 and
SRE promoter activity with estimated 1C50 values around 5 uM or less (Fig. 2.9).
Interestingly, 30h also inhibited ERK-mediated AP-1 and SRE promoter activity but was
less potent than compounds 76 and 30g at lower concentrations. This suggests differences
in how these compounds inhibit ERK signaling functions, which is further supported by

the selective inhibition of the SRE promoter activity by compound 22a (Fig. 2.9B).
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Figure 2.9 Effects of test compounds on AP-1 and SRE promoter activity.

ERK-mediated promoter activity was tested in HeLa cells transfected with AP-1 (A) or SRE (B) promoter
constructs driving luciferase expression. The ERK pathway was stimulated with EGF (25ng/mL) in the
presence or absence of the indicated concentrations of each test compound and luciferase activity was
determined after 6 hours. The MEK inhibitor, U0126, was used as a positive control.

2.4: Conclusions

The current study provides a comprehensive structure—function analysis of
thiazolidinedione based compounds and their ability to inhibit the proliferation of cancer
cells containing activated ERK signaling. These compounds support the utility of
developing novel thiazolidinedione compounds that have been recognized to have

potential applications for treating cancers such as melanoma [18]. We have identified
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several chemical features (Fig. 2.10) on compounds such as 30h that promote selective
and potent inhibition of cancer cells lines containing active ERK signaling as a result of
B-Raf or N-Ras mutations. Essential for activity is a TZD core, the imide nitrogen of
which should be functionalized with an ethyl moiety terminating in a primary amino
group. Furthermore, the acidic methylene of the TZD must be linked to a para-alkoxy-
substituted phenyl ring through a cis-double bond. Given that other transformed cell lines
are not affected by the compounds, our findings suggests that their mechanism of action
involves inhibition of ERK signaling and not general toxicity. Moreover, these
compounds are potent inhibitors of ERK-regulated transcription factors which further
supports ERK as the molecular target. Of particular importance is the ability for several
compounds to inhibit melanoma cell lines that have become resistant to clinically
relevant B-Raf inhibitors. Recent studies support the use of ERK-targeted compounds to
overcome alternative signaling pathways that contribute to drug resistance [19]. Future
studies will be important to provide a more comprehensive biological characterization of

the lead compounds identified in these studies and the ERK substrates they affect.

TZD core
cis double bond U’
O B B
. WN % ethylamine tail
o S _\—NHE
ﬂ 0

para-alkoxyphenyl 31

ring

Figure 2.10 Pharmacophore of 76 that elicits the inhibition of the proliferation of cells harboring
constitutive ERK activation.
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2.5: Experimental

Chemistry (Abbreviated; for full reactions see PMID: 23624850)

Unless otherwise stated, all reactions were performed under an inert (N2) atmosphere.
Reagents and solvents were reagent grade and purchased from Sigma-Aldrich, Alfa
Aesar, Oakwood and TCI America. *H and $3C NMR spectra were recorded on Varian
INOVA 400 MHz and Varian INOVA 500 MHz NMR spectrometers at 25°C. Chemical
shifts are reported in parts per million (ppm). The residual solvent peak was used as an
internal reference. The mass spectra were obtained on an Electrospray TOF (ESI-TOF)
mass spectrometer (Bruker amaZon X). Prior to biological testing, final compounds were
confirmed to be >95% pure by HPLC chromatography using a Waters 1525
analytical/preparative HPLC fitted with a C18 reversed-phase column (Atlantis T3: 4.6
mm x 150 mm; Symmetry: 4.6 mm x 150 mm; XBridge: 4.6 mm x 150 mm) according to
the following conditions with solvents (A) H.0/0.1% TFA, (B) CH3CN/H20, 9:1 with
0.1% TFA, (C) H20, (D) CH3CN/H20, 9:1, (E) H20/0.1% NH4OH, (F) CH3sCN/H20, 9:1
with 0.1% NH4OH at 1 ml/min: (1) a gradient of 75% A to 100% B over 32 min,
Atlantis); (I1) a gradient of 50% A to 100% B over 22 min, Symmetry); (111) a gradient of
75% A to 100% B over 62 min, Atlantis); (1) a gradient of 100% A to 100% B over 30
min, Atlantis; (V) a gradient of 75% A to 100% B over 52 min, Atlantis; (V1) a gradient
of 50% A to 100% B over 30 min, Atlantis; (\V1I) a gradient of 100% A to 100% B over
52 min, Atlantis; (VIII) a gradient of 50% A to 100% B over 52 min, Atlantis; (1X) a
gradient of 100% A to 100% B over 22 min, Symmetry; (X) a gradient of 50% C to

100% D, X-Bridge; (XI) a gradient of 100% E to 100% F over 22 min, X-Bridge; (XII) a
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gradient of 25% E to 100% F over 22 min, X-Bridge; (XI1I) an isocratic gradient of

100% F for 5 min followed by a gradient of 100% E to 100% F over 22 min, X-Bridge.

Biology

Cell proliferation assay. Cell proliferation was evaluated by water soluble tetrazolium-1
(WST-1) assay as previously described [20]. Briefly, cells (~5000 / well) were seeded in
96 well plates, allowed to recover for 16-20 hours, and then treated with the indicated test
compound for 48 hours. After incubation, WST-1 reagent was added and absorbance was
read at 450 nm with background subtraction taken at 650 nm. Values were normalized to

the control (DMSO only treated) cells.

Luciferase assay. HeLa cells were seeded in 24-well plates (4 x 10 cells/well) and
incubated 18 hours prior to achieve ~60-70% confluent. Cells were transfected with
activator protein-1 (pAP1(PMA)-TA-Luc; Clontech) or the serum response element
(pGLA4.33-SRE; Promega) luciferase reporter plasmids (250 ng/well) using
Lipofectamine™ (Invitrogen). After 16 hours, cells were treated with increasing amount
of compounds as indicated for 20 minutes, followed by stimulation with EGF (25 ng/mL)
for 4.5 hr. The luciferase activity in the cell extracts was determined with a Dual
Luciferase Assay System (Promega) according to the manufacturer’s instructions.
Luciferase activities were monitored with a Lumat LB 9507 luminometer (Berthold

Technology) and data were normalized to the amount of protein in each sample.
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Chapter 3: Small Molecule Inhibitors of ERK-mediated Immediate
Early Gene Expression and Proliferation of Melanoma Cells Expressing

Mutated BRaf*

Constitutive activation of the extracellular signal-regulated kinases 1 and 2 (ERK1/2) are
central to regulating the proliferation and survival of many cancer cells. The current
inhibitors of ERK1/2 target ATP binding or the catalytic site and are therefore limited in
their utility for elucidating the complex biological roles of ERK1/2 through its
phosphorylation and regulation of over one hundred substrate proteins. To overcome this
limitation, a combination of computational and experimental methods was used to
identify small molecular weight inhibitors that are intended to target ERK1/2-substrate
docking domains and selectively interfere with ERK1/2 regulation of substrate proteins.
Here we report the identification and characterization of compounds with a thienyl
benzenesulfonate scaffold that were designed to inhibit ERK1/2 substrates containing an
F-site or DEF (docking site for ERK, FXF) motif. Experimental evidence shows the
compounds inhibit the expression of F-site containing immediate early genes of the Fos
family, including c-Fos and Fral, and transcriptional regulation of the activator protein-1
(AP-1) complex. Moreover, this class of compounds selectively induces apoptosis in
melanoma cells containing mutated BRaf and constitutively active ERK1/2 signaling,

including melanoma cells that are inherently resistant to clinically relevant kinase

* Adapted from a revised manuscript under review: Samadani R*, Zhang J*, et. al. Small Molecule
Inhibitors of ERK-mediated Immediate Early Gene Expression and Proliferation of Melanoma Cells
Expressing Mutated BRaf. Biochemical J. 2014. *These authors contributed equally to this work.
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inhibitors. These findings represent the identification and initial characterization of a
novel class of compounds that inhibit ERK1/2 signaling functions and their potential
utility for elucidating ERK1/2 and other signaling events that control the growth and

survival of cancer cells containing elevated ERK1/2 activity.

3.1: Introduction

The mitogen activated protein kinase (MAPK) family members, which include the
extracellular signal-regulated kinases-1 and 2 (ERK1/2), c-Jun N-terminal kinases (JNK),
p38 MAP kinases, and ERKS5, are major regulators of cell proliferation, apoptosis,
differentiation, migration, and inflammation in response to a variety of intra- and
extracellular signals [1, 2]. MAPK proteins regulate cellular functions through
phosphorylation of a diverse number of substrates. In particular, the ERK1/2 proteins
have been implicated in the phosphorylation of well over 100 substrates and stringent
control over interactions of ERK1/2 with substrate proteins that allow efficient phosphate
transfer is essential for cellular functions [3-5]. Unregulated activation of the ERK1/2
pathway is often observed in a variety of cancers, which contributes to uncontrolled cell
proliferation, survival, and resistance to anti-cancer drugs [6, 7]. Thus, a better
understanding of the mechanisms regulating ERK1/2 interactions with substrates may
provide information on new approaches to selectively inhibit substrates involved in
cancer cell proliferation and survival. Although several selective ATP-competitive and

catalytic site inhibitors of ERK1/2 have been developed [8-10], these compounds have
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not advanced to the clinic and do not allow examination of select ERK functions that are
dependent on interactions with specific substrate proteins.

Many of the ERK1/2 substrate and interacting proteins, including the Elk-1 transcription
factor, p90 ribosomal S6 kinase-1 (RSK-1), the caspase-9 protease, and the HePTP
protein tyrosine phosphatase, contain a DEJL (docking site for ERK and JNK, Leu-X-
Leu) motif or D-domain that is involved in kinase recognition [11-14]. The D-domain
consists of basic residues followed by a hydrophobic Leu-X-Leu motif, and interacts with
acidic and hydrophobic regions in the carboxy terminus of ERK1/2, referred to as the
common docking (CD domain) or D-recruitment site (DRS) [13-15]. A second docking
domain, known as the F-site or DEF (docking site for ERK, Phe-X-Phe) motif, has been
identified on several ERK1/2 substrates, including Elk-1 and c-Fos transcription factors,
A-Raf kinase, the kinase suppressor of Ras-1 (KSR-1) scaffold protein, and nuclear pore
proteins like NUP153 and NUP214 [16-18]. The F-site is typically separated from the
phosphorylation site by 6-10 amino acids, whereas the D-domain may be located 20
amino acids further from the phosphorylation site to accommodate the spatially separated

hydrophobic interactions.

The DRS on ERK2 includes residues Asp316 and Asp319, adjacent hydrophobic amino
acids, and ED domain residues (Glu160/Asp161 for p38a MAP kinase and
Thr157/Thr158 for ERK2) that facilitate selective interactions between D-domain
containing substrates and MAP kinases [19]. F-site containing substrates interact with

hydrophobic regions on the ERK2 F-recruitment site (FRS) and include residues Leu198,
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Tyr231, Leu232, Leu235, and Tyr261[20, 21]. Other MAP kinases, including p38a, may
also utilize a FRS-like binding motif during substrate recognition [22, 23]. Beyond the
DRS and FRS sites, experimental studies using ERK2 mutants have implicated other
residues that may be important for ERK interactions with substrates or other regulatory
proteins [24]. Indeed, ERK2, and other MAP kinases, have a unique insert in the kinase
homology region that may regulate it’s interactions with upstream activating MEK
proteins [25]. Given the large number of substrates regulated by ERK1/2 proteins, it is
likely that additional docking sites on ERK1/2 proteins will be identified and shown to

regulate specific protein-protein interactions.

In previous studies, we used computer aided drug design (CADD) to identify small
molecular weight compounds that inhibit ERK1/2-mediated phosphorylation of substrate
proteins in an ATP-independent manner and inhibit cancer cell proliferation in in vitro
and in vivo models [26, 27]. This approach targeted the DRS region of ERK?2, such that
the identified inhibitors containing a thiazolidinedione scaffold that may selectively
regulate distinct ERK2 signaling functions. From those efforts, several compounds were
identified that inhibit phosphorylation of ERK1/2 substrates, including D-domain
containing substrates RSK-1 and caspase-9, and selectively inhibit cancer cell lines

containing constitutively active ERK1/2 signaling [28-30].

The present study reports the identification of a new class of small molecules, based on a

thienyl benzenesulfonate scaffold, which are putative inhibitors of substrates that interact
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with ERK1/2 through the FRS. The compounds were initially identified using virtual
database screening followed by experimental assays. Validation of the biological activity
of the scaffold was then achieved by designing analogs using the Site-Identification by
Ligand Competitive Saturation (SILCS) approach [31, 32], chemical synthesis and
experimental evidence demonstrating inhibition of the expression of F-site containing
immediate early genes (IEG) that comprise the activator protein-1 (AP-1) transcription
factor complex. Correspondingly, melanoma cells containing mutated BRaf and active
ERK1/2 signaling, including cells that are inherently resistant to currently available
kinase inhibitors used in the clinic, were selectively inhibited by the new compounds.
These results provide support for the feasibility of developing low-molecular weight
compounds that can selectively inhibit ERK1/2-mediated signaling functions that drive
the proliferation and survival of cancer cells containing constitutively active ERK1/2

signaling.

3.2: Experimental

Materials. Initial test compounds were obtained from Chembridge Corporation (San
Diego, CA). Lead compound analogs were synthesized using reagent grade chemicals
and solvents purchased from Sigma-Aldrich (St. Louis, MO), Alfa Aesar (Ward Hill,
MA), Oakwood Chemicals (West Columbia, SC), and TCI America (Portland, OR). 1H
and 13C NMR spectra were recorded on Varian INOVA 400 MHz and Varian INOVA
500 MHz NMR spectrometers at 25°C. Chemical shifts are reported in parts per million

(ppm). The residual solvent peak was used as an internal reference. The mass spectra
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were obtained on an Electrospray TOF (ESI-TOF) mass spectrometer (Bruker amaZon
X). Prior to biological testing, final compounds were confirmed to be >95% pure by
HPLC chromatography. The MEK1/2 inhibitor (U0126) was purchased from EMD
Millipore (Billerica, MA), and the ATP-dependent pyrazolylpyrrole ERK2 inhibitor [9]
and p38a/B MAP kinase inhibitor (SB239063) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Unless indicated, all other chemicals listed below were
purchased from Sigma Aldrich and/or Fisher Scientific. HeLa cervical carcinoma cells,
Jurkat T-cell leukemia cells, A375 melanoma, and mutated BRaf inhibitor-resistant
RPMI7951 melanoma cells were purchased from American Type Culture Collection
(Manassas, VA). Additional details are provided in the supplementary methods.
Antibodies recognizing total c-Fos, FosB, Fral, c-Myc, and c-Jun were purchased from
Cell Signaling Technology (Beverly, MA). The phospho-specific ERK1/2
(pThrl83/pTyrl85) and a-tubulin antibodies were purchased from Sigma.
Phosphorylation-specific antibodies against c-Fos (pSer32, pThr232, pThr325, or
pSer374), RSK-1 (pThr573 or pSer380), MEK1/2 (pSer217/pSer221), EGFR (pTyr1068),
or Elk-1 (pSer383) were purchased from Cell Signaling Technology. Antibodies against

total Egr-1, RSK-1, ERK2 and MEK1 were purchased from Santa Cruz Biotechnology.

Protein expression and purification. (His)e-tagged ERK2 wild type was expressed in E.

coli and purified as described previously [27]. See Supplementary Methods for more

details.
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Immunoblotting. Analysis of protein expression levels, activity, and cell proliferation
were done as previously described [28, 29]. Cells were washed with cold phosphate
buffered saline (PBS, pH 7.2; Invitrogen) and protein lysates were collected with 2X
SDS-PAGE sample buffer (4% SDS, 5.7M B-mercaptoethanol, 0.2M Tris pH 6.8, 20%
glycerol, 5mM EDTA) Proteins were separated by SDS-PAGE, analyzed by
immunoblotting, and detected using enhanced chemiluminesence (ECL, GE Healthcare,

United Kingdom).

In vitro kinase assays. Assays were done with 10 nM of recombinant active forms of
ERK2 or ERKS5 (abcam; Cambridge, MA) and substrates including 100 nM c-Fos
(abcam) or ~0.2 pg/reaction GST-RSK1 (residues 386-752) using previously described
buffer conditions [33]. Compounds (0-60 uM) were pre-incubated with ERK proteins in
the absence of substrates for 30 min. at room temperature. Kinase assays were initiated
with the addition of substrate and 100 uM ATP. Reactions were stopped after 30 min.
with an equal volume of 2x SDS-PAGE sample buffer and the proteins were analyzed by
immunoblotting for specific substrate phosphorylation sites and quantified by

densitometry. SCH772984 was used as a positive control for ERK2 inhibition [10].

Cell proliferation and apoptosis assays. Cells were seeded at 25,000 cells/well in 96-

well plates, cultured overnight, and treated for 24 hours with the indicated dose of

compounds. Cell viability or caspase 3/7 activity were measured according to
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manufacturer’s instructions using the fluorescent Cell Titer Blue Assay or luminescent

Caspase 3/7 Glo Assay, respectively (Promega, Madison, W1).

AP-1/SRE promoter luciferase assays. HelLa or A375 cells were seeded in 24-well
plates (40,000 cells/well) and incubated 18 hours to achieve ~60-70% confluent. Cells
were transfected with activator protein-1 (pAP1(PMA)-TA-Luc; Clontech) or the serum
response element (pGL4.33-SRE; Promega) luciferase reporter plasmids (250 ng/well)
using LipofectamineTM (Invitrogen). After 16 hours, cells were pre-treated with varying
amounts of compounds as indicated for 20 minutes, followed by stimulation with 25
ng/mL epidermal growth factor (EGF) or 200 nM phorbol 12-myristate 13-acetate (PMA)
for 4.5 hr. In some experiments, cells were transfected with the pAP1(PMA)-TA-Luc
promoter and a constitutively active MEK1 mutant cDNA and treated with varying
amounts of compounds during the last 4 hours of incubation. The luciferase activity in
the cell extracts was determined with a Dual Luciferase Assay System (Promega)
according to the manufacturer’s instructions. HEK293 cells (20,000 cells/well) were
plated in white walled 96-well plates (Nunclon Delta Surface; Thermo Scientific) and
then transfected with the luciferase reporter plasmids indicated above. Cells were treated
with EGF or PMA for 5 hours in the presence or absence of compounds and
luminescence was measured using Bright-Glo Substrate (Promega). Luciferase activities
were monitored with a Lumat LB 9507 luminometer (Berthold Technology) and data

were normalized to the amount of protein in each sample.
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Computational Methods. MD simulations were performed using the programs
CHARMM [34] and NAMD [35] with the CHARMM22/CMAP additive force field [36,
37] with the TIP3P water model [38]. Simulations initiated with the 3D structures of
ERK2 in both the phosphorylated (active) [39] (PDB ID 2ERK) and unphosphorylated
(inactive) [40] (PDB ID 1ERK) states. Site Identification by Ligand Competitive
Saturation (SILCS) simulations [31] for the FRS (site 5) of ERK2 were initiated the
unphosphorylated ERK2 structure and included 1 M benzene and 1 M propane, as
previously described. Binding site identification[41] and for database screening was
performed on diverse conformations from the simulations, Screening was performed in
two steps against a virtual database of more than 1.5 million low-molecular weight
commercially available compounds. Final selection of the 150 compounds for
experimental assay involved maximizing chemical and structural diversity, via fingerprint
based clustering [42, 43] with the program MOE (Chemical Computing Group Inc.) as
well as considering their potential bioavailability [44]. The purity of compounds shown

to have biological activity was verified by mass spectrometry.

Prediction of ligand modifications were performed using ligand grid free energy scores
(LGFE) based on the SILCS methodology [32]. SILCS simulations were initiated from
the 2.3.2-ERK2 crystal structure determined in the present work. Visualization of the
SILCS Fragmaps identified the region beyond the benzene ring of 2.3.2 as suitable for
non-polar moieties. Subsequently, the analogs of 2.3.2 were modeled onto ERK2 starting

from the 2.3.2-ERK?2 crystal structure. Relative LGFE with respect to 2.3.2 were then
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determined and are presented in the Results. Additional details of all the computational

methods are included in the Supplementary Methods.

3.3: Results

In silico approaches to identify lead compounds. The initial objective of these studies
was to use in silico modeling and experimental assays to identify small molecular weight
compounds that selectively inhibit ERK2 interactions with substrate proteins by targeting
unique docking sites and do not interfere with ATP binding. Computational approaches
were first applied to identify putative small molecule binding sites located on regions in
the C terminus of ERK2 previously implicated via mutagenesis studies to be important
for substrate binding, as described in the supporting data. The 5 sites targeted, with the
residues shown on the structure of ERK2 include the DRS [19], which was previously
targeted in our laboratory [27], the FRS known to be involved in interactions with
ERK1/2 substrates containing the F-site or DEF motifs [20] and the focus of the current
studies, and three putative sites that span the region between the DRS and FRS
(supplementary data, Table Al.1 and Fig. Al.1). Database screening was then performed
against these sites in which 50,000 compounds were selected following the initial round
of docking with a second round of screening yielding 1000 compounds. Details of the
screening approach, including the use of score normalization based on molecular weight
[45] are given in the supporting data. Final compound selection for experimental assays
from the 1000 compounds emphasized chemical and structural diversity to maximize the

identification of active compounds [46]. Diversity was attained using fingerprint-based
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similarity clustering to group compounds into structurally similar clusters from which
individual molecules were selected. This selection process also included bioavailability

considerations [44].

Biological and structural evaluation of lead compounds. From the in silico screen, we
focused on a group of 7 structurally diverse compounds (Fig. 3.1a) and their effects on
ERK1/2-mediated phosphorylation and signaling events. Using lysates from EGF treated
HelLa cells, 100 uM of compound 2.3.2 inhibited ERK1/2-mediated phosphorylation of
the transcription factor Elk-1, which contains both a D-domain and an F-site (Fig. 3.1b).
Compounds 2.3.3, 2.3.4, and 2.3.5 also inhibited EIk-1 phosphorylation but to a lesser
extent (Fig. 3.1b). Importantly, none of the compounds caused a corresponding inhibition
of ERK1/2 activation, as measured by phosphorylation of the activation site residues,
suggesting the compound’s mechanism of action involved targeting signaling
downstream of ERK1/2. While 2.3.2 inhibited ERK1/2-mediated Elk-1 phosphorylation,
it appeared to be less potent at inhibiting ERK1/2-mediated phosphorylation of the D-
domain containing substrate RSK-1 (Fig. 3.1c). Further support that 2.3.2 was acting on
ERK1/2-mediated events was demonstrated by the lack of effects on EGF-induced
phosphorylation of MEK1/2, which interact with ERK1/2 through their D-domains [25],

or autophosphorylation of the EGF receptor (Fig. 3.1c).
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Figure 3.1 Selective inhibition of ERK-mediated phosphorylation of substrates by compounds.

(a) Structures of the seven diverse compounds identified by CADD and initially tested. (b) HeLa cells were
pre-incubated for 30 min with indicated compounds (100 uM) followed by treatment with EGF (25 ng/mL)
for 10 min. to activate ERK1/2 signaling. Lysates were immunoblotted for phosphorylated Elk1 (pElk1
S383) or active ERK1/2 (pERK1/2). (c) Following treatment as in Fig. 3.1b, immunoblot analysis of lysates
from cells treated with 2.3.2 suggested selective phosphorylation inhibition of Elk1 as compared to RSK1
(pEIK1 S383 and pRSK1 T573). Phosphorylation of ERK1/2, MEK1/2 (pERK1/2 and pMEK1/2) or
Tyr1068 autophosphorylation of EGFR (pEGFR Y1068) was not affected by 2.3.2. The MEK1/2 inhibitor
U0126 (10 uM) was used to inhibit all ERK1/2 signaling and a-tubulin expression was used as a protein
loading control.
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To provide additional evidence for the binding site of 2.3.2, crystallographic studies were
undertaken and crystals of 2.3.2 bound to the inactive form of ERK2 were obtained
(Supplementary Table A1.5; PDB ID: 3QY1). Upon inspection of the model that included
protein and 46 water molecules, additional density was identified in a pocket vacated by
Phel181/Leul82 located below the activation loop that includes residues Thr183 and
Tyrl85 (Supplementary data, Fig. A1.3). Given that the densities of these two residues
are well resolved, it was predicted that the elongated density filling this region was
representative of 2.3.2 (Supplementary data, Fig. A1.3). The irregular shape of the
electron density fragment was accounted for by assuming that 2.3.2 binds in at least two
orientations. In one of the modeled conformations, 2.3.2 appears to make hydrogen bonds
to the backbone amides of Phel81 and Leu182; however, this should be taken with
caution given the disordered and partially occupied nature of the ligand in the binding
site. Thus, the data suggest that 2.3.2 is the first molecule identified to interact with
ERK2 in the FRS region involved with regulating interactions with substrates containing
an F-site. While the role of the FRS region in coordinating protein-protein interactions
may be unique to ERKZ2, it is possible that in other MAP kinases utilize this region for
determining substrate recognition. For example, a comparable FRS region has recently

been identified on p38a/p MAP kinases [23] as well as the kinase domain of ERKS [47].

It has to be emphasized that the observed difference omit electron density (i.e. Fo—Fc map
calculated in the absence of ligand) is by itself not conclusive of 2.3.2 binding to the FRS

region of ERK2. However, the additional density observed with 2.3.2 was not observed
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for the ERK?2 crystals obtained without ligand soaking. This indicates that the electron
density is likely originating from 2.3.2 binding and not that of other components of the
crystallization buffer (e.g. NDSB-256). Furthermore, it is clearly possible to place other
molecules that were present in crystallization buffer (including NDSB-256) into the
rather featureless electron density. Additional complication arises from the proximity of
the crystal contact to the putative binding site, which may result in a binding mode that is
somewhat distorted compared to what happens in solution. Thus, the crystallographic
evidence presented can only suggest the possibility of the 2.3.2 binding in the detected
location on the protein surface, and does not unequivocally prove it. Therefore, additional
support for 2.3.2 and chemically related analogs regulating ERK1/2 functions through the

FRS comes from further computational and biochemical studies in the following sections.

Optimization of lead compound by site identification by ligand competitive
saturation (SILCS). Chemically similar analogs were obtained from SILCS 3D
FragMaps obtained from SILCS simulations initiated from the putative 2.3.2-ERK2
crystal structure are shown overlaid on the crystal structure obtained (Fig. 3.2a). The
FragMaps represent the regions to which different type of functional groups bind and
include contributions from protein flexibility, desolvation, and functional-group protein
interactions [31]. Visual analysis revealed the overlap of the aliphatic and aromatic
SILCS FragMaps with the phenyl moiety of 2.3.2, with those FragMaps extending
beyond the crystallographic position of the phenyl ring. This indicated that the addition of

nonpolar moieties to this phenyl ring may improve affinity and subsequent potency.
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Synthetically-accessible chemical modifications of the phenyl ring were identified,
modeled onto 2.3.2 bound to ERK2, and the relative SILCS ligand grid free energy
(LGFE) scores were calculated and presented as a change in ligand grid free energy
scores (ALGFE) relative to 2.3.2 and suggested that hydrophobic modifications may
increase activity (Fig. 3.2b). Accordingly, along with 2.3.2, which is from now on
referred to as SF-3-026, analogs containing the p-CH3 (SF-3-027), biphenyl (SF-3-029)
or napthyl (SF-3-030) group were synthesized for evaluation in subsequent biochemical

and cell-based assays.
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Figure 3.2 SILCS identified analogs of 2.3.2 inhibit EIk-1 phosphorylation.

(a) SILCS FragMaps overlaid onto the 2.3.2-ERK2 crystallographic structure. 3D probability distributions
are shown for aliphatic (green) and aromatic (purple) functional groups. (b) The structures and change in
ligand grid free energy scores (ALGFE) for 2.3.2 (now referred to as SF-3-026) and analogs (SF-2-027,
SF-2-029, SF-2-030). (c/d) Lysates from HelLa cells pretreated with 50 uM of SF-3-026 or analogs
followed by stimulation with EGF for 10 min. were immunoblotted for phosphorylated Elk1 (pElk-1 S383)
and RSK1 (pRSK1 T573) in (c) or ERK1/2 (pERK1/2) and MEK1/2 (pMEKZ1/2) in (d). Total Elk1 and
RSK1 or ERK2 and MEK?1 are shown as protein loading controls in (c) or (d), respectively. Data are
representative of three independent experiments.
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Lead compounds inhibit ERK1/2-mediated IEG promoter activity. ERK1/2
phosphorylation of Elk-1 regulates the serum response element that drives the
transcription of IEGs, such as c-fos, which is an F-site containing ERK1/2 substrate [48].
Initial testing of SF-3-026 and analogs at 50 uM in EGF-treated HeLa cells showed
preferential inhibition of the phosphorylation of Elk-1 as compared to the D-domain
containing substrate RSK-1 (Fig. 3.2¢). In addition, the phosphorylation of ERK1/2 or
MEKZ1/2 proteins was not affected by the compounds at the dose tested (Fig. 3.2d). It was
next determined whether the compounds could affect the transcription factor functions of
Elk-1 or AP-1 proteins. HeLa cells expressing luciferase constructs driven by the serum
response element (SRE) or AP-1 promoters, which are regulated by Elk-1 or Fos family
proteins, respectively, were treated with SF-3-026 and analogs in the context of EGF
stimulation. EGF alone caused a more than 20 fold increase in SRE or AP-1 mediated
luciferase activity, which could be inhibited by ~90% with 10 uM of the MEK1/2
inhibitor, U0126 (data not shown). Treatment with the test compounds caused a dose
dependent inhibition of the SRE and AP-1 promoters (Fig. 3.3a and b). As predicted by
the SILCS, SF-3-029 and SF-3-030 were the most potent inhibitors especially with the
AP-1 promoter where ICso values were ~10 uM (Fig. 3.3b). To further demonstrate the
targeting of ERK1/2-mediated transcription, AP-1 promoter activity was measured in
HeLa cells expressing an active MEK1 mutant, which only activates ERK1/2. As shown
in Fig. 3.3c, SF-3-026 and its analogs caused dose-dependent inhibition of AP-1

promoter activity with SF-3-029 and SF-3-030 with 1Cso values around 5-10 uM as

compared to SF-3-026 and SF-3-027 with ICsp values of ~40 uM. As controls, MEK1-
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induced AP-1 promoter activity was inhibited by >80% with 10 uM U0126 or a
previously reported ATP-competitive pyrazolylpyrrole ERK inhibitor [9] (data not
shown). We further evaluated AP-1 or SRE promoter activity in HEK293 cells stimulated
with EGF or PMA. As shown in table 3.1, the compounds were more potent at inhibiting
PMA-induced promoter activity compared to EGF and SF-3-030 was the most potent

lending further support of the SILCS computational predictions.
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Figure 3.3 Compound SF-3-026 and analogs inhibit SRE and AP-1 transcription factor function.

HeLa cells were transfected with constructs containing SRE (a) or AP-1 (b) promoters driving luciferase
expression and then stimulated with EGF in the presence or absence of various doses of SF-3-026 and
analogs for 4 hours followed by measurements of luciferase activity. (c) HeLa cells were transfected with
the AP-1 promoter construct and a constitutively active MEK1 mutant in presence or absence of various
doses of SF-3-026 and analogs for 4 hours followed by measurements of luciferase activity. Data were
normalized to EGF-only treatment or cells expressing constitutively active MEK1 and each condition
represent the mean and standard deviation from three independent experiments.
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Table 3.1 ICso values (uM) for SF-3-026 and analogs in AP-1 or SRE promoter assays.

AP-1 AP1 SRE SRE
(PMA) | (EGF) | (PMA) | (EGF)

SF-3-026 12.8 21.7 14.0 22.7

SF-3-027 11.2 19.7 11.3 22

SF-3-029 10.7 16.6 10.9 18.5

SF-3-030 4.7 9.8 5.2 10.7

Lead compounds inhibit EGF or PMA-induced expression of IEG proteins. HelLa
cells treated with EGF show a transient phosphorylation of Elk-1, c-Fos, and Fra-1,
followed by robust expression of c-Fos, FosB, FosB2, and Fra-1 after 30-60 minutes (Fig.
3.4a). While SF-3-026 and analogs had little effect on the initial phosphorylation of c-Fos
and Fra-1 as evident by gel shifts (Fig. 3.4b), the robust induction of Fos family proteins
by EGF at 1 hour was inhibited in a dose dependent manner with SF-3-030 (Fig. 3.4c).
Inhibition of c-Fos phosphorylation at Ser32 was observed prior to loss of protein but
Ser374 phosphorylation, which is the reported priming site for other phosphorylation
events on c-Fos [49] was unaffected (Fig. 3.4C). SF-3-030 also inhibited EGF-mediated
expression of other IEGs including c-Myc, but was less effective at inhibiting c-Jun and
early growth response-1 (Egr-1) protein induction (Fig. 3.4c). These data suggest that SF-

3-030 can selectively inhibit EGF-mediated induction of IEG proteins.
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Figure 3.4 SF-3-026 and analogs inhibit EGF-induced expression of IEGs.

(a) HelLa cells treated with EGF (25 ng/mL) for up to 60 min. show transient phosphorylation of Elk1
(pEIK1 S383) and subsequent expression of c-Fos, FosB, FosB2, and Fral. (b) Expression of c-Fos or Fral
in untreated (-) HeLa cells or cells pretreated with 50 uM of SF-3-026 or analogs and then treated with
EGF for 15 min. (c) Expression of phosphorylated c-Fos (T374 or S32) or total c-Fos, FosB, FosB2, Fral,
¢-Jun, c-Myc, or Egr-1 in HeLa cells pretreated with varying doses of SF-3-030 and then treated with EGF
for 60 min. Controls include cells treated only with EGF (EGF lane) or EGF treatment in the presence of
U0126 (U0126 lane). Total Elk-1 and phosphorylated ERK1/2 expression were used as controls for protein
loading and evaluating inhibitor effects. Data are representative of three independent experiments.

SF-3-030 also inhibited IEG expression in cells treated with the phorbol ester, PMA.
Like EGF, PMA caused a transient phosphorylation of Elk-1 followed by increased

expression of c-Fos, FosB, and Fra-1 after 60-90 minutes (Fig. 3.5a). At a dose of 40 uM,
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SF-3-030 inhibited c-Fos phosphorylation at Thr232 and Ser32, which may be involved
in transcription regulation, but, similar to EGF treatment, had no effect on
phosphorylation of Ser374 (Fig. 3.5b). The expression of total Fos B, FosB2, Fral, and F-
site containing c-Myc, was also decreased at the 40 uM dose (Fig. 3.5b). The inhibition
of c-Fos phosphorylation at Thr232 and Ser32 by SF-3-030 corresponded to loss of Fos B
and Fra-1 expression indicating that this form of c-Fos is transcriptionally inactive (Fig.
3.5b). At high doses (70 and 100 uM), SF-3-030 increased ERK1/2 phosphorylation,
which indicated potential off-target toxicity (Fig. 3.5b). The PMA-mediated IEG
phosphorylation and expression was further evaluated at doses less than 40 uM. As
shown in Fig. 3.5¢, a dose dependent inhibition of c-Fos phosphorylation of Thr232 by
SF-3-030 corresponded to decreased FosB, FosB2, and Fral expression and supported
impaired c-Fos transcription activity. The effects of SF-3-030 on the expression of Fos
proteins appeared to be selective as ERK1/2-mediated phosphorylation of RSK-1 or the
induction of other IEGs, such as Egrl and c-Jun, were less affected (Fig. 3.5d). SF-3-030
also had minimal effects on anisomycin-mediated p38 MAP kinase signaling (Fig. 3.5e),
including phosphorylation of p38 MAP kinase substrates ATF2 and MK2. The
phosphorylation of ATF2 at Thr71 may also be achieved by ERK1/2 [50], which could
explain the lack of effects of the p38 inhibitor SB239063 and some inhibition by SF-3-
030 at doses >20 uM (Fig. 3.5e). Together, these data provide additional support that SF-

3-030 preferentially affects ERK1/2-mediated signaling events.
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Figure 3.5 SF-3-026 and analogs inhibit PMA-induced expression of Fos family IEGs.

(a) HelLa cells treated with PMA (200nM) for up to 120 min. show transient phosphorylation of Elk1
(pEIk1 S383) and subsequent expression of c-Fos, FosB, FosB2, Fral, and c-Jun. (b) Expression of
phosphorylated c-Fos (T374, T232, or S32), total c-Fos, FosB, FosB2, Fral, or c-Myc in HelLa cells
pretreated for 30 min. with the indicated dose of SF-3-030 and then treated with PMA for 120 min.
Phosphorylated ERK1/2 and MEK1/2 levels are shown in (a) and (b). (c) Cells were pretreated as in (b)
with the indicated dose of SF-3-030 or 10 uM U0126 and the expression of phosphorylated c-Fos (T374,
T232), total c-Fos, FosB, FosB2, or Fral was evaluated. Phosphorylated ERK1/2 and total ERK2 are
shown for controls. Controls for (b, ¢, and d) include cells treated only with PMA (PMA lane) or PMA
treatment in the presence of U0126 (U0126 lane). (d) Cells treated as in (c) were immunoblotted for
phosphorylated RSK1 (pRSK1 T359/S363), total RSK1, c-Jun, or Egrl. (e) HeLa cells were pre-treated
with or without SF-3-030 as in (d) or 10 uM SB239063 and then stimulated in the absence or presence of
anisomycin (Anis.) for 1 hour followed by analysis of phosphorylated ATF2 (pATF2 T71), MK2 (pMK2
T222), or p38a/p MAP kinase (pp38a/p). Total ATF2, MK2, or p38a MAP kinase expression levels are
shown for loading controls.
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SF-3-030 selectively inhibits ERK2-mediated phosphorylation of c-Fos in vitro. The
effects of SF-3-030 on ERK-mediate phosphorylation of c-Fos were evaluated using in
vitro kinases assays. ERK5 was used for comparison as it has been reported to
phosphorylate c-Fos at Thr232 and Ser32 and regulate protein stability and transcription
factor function [51], although others suggest ERK1/2 is the primary regulator of c-Fos
phosphorylation and activity [52]. As shown in Fig. 3.6a, active ERK2 was the primary
regulator of c-Fos as evident by phosphorylation at the F-site dependent Thr325 site,
Ser374, and Thr232, as well as the c-Fos gel shift, which did not occur in the presence of
active ERKS5 (Fig. 3.6a). Ser32 phosphorylation increased to a lesser degree with ERK2
as a result of high basal phosphorylation at this site, which was likely due to c-Fos
expression being done in eukaryote insect cells (Fig. 3.6a). While SF-3-030 inhibited
ERK2-mediated phosphorylation of Thr325 in a dose-dependent manner, it had little
effect on the phosphorylation of Ser374, Thr232, or Ser32 (Fig. 3.6a/b). However,
SCH772984, a catalytic site inhibitor of ERK1/2, inhibited phosphorylation of all c-Fos
sites (Fig. 3.6a). SF-3-030 did not affect the modest induction of Ser374 phosphorylation
by ERKS5, but it did appear to cause a slight decrease in ERK5-mediated phosphorylation
of Thr232 (Fig. 3.6a), which is in agreement with the cell data in Fig. 5. Similarly, SF-3-
030 had no effect on ERK2 phosphorylation of the D-domain containing substrate RSK1
further supporting selective inhibition of ERK-mediated phosphorylation events by SF-3-

030 (Fig. 3.6¢).
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Figure 3.6 SF-3-030 selectively inhibits ERK2-mediated c-Fos phosphorylation in in vitro kinase assay.

(a) Active ERK2 or ERKS5 were pre-incubated in the absence or presence of 50 uM SF-3-030 (030), 10 uM
SCH772984 (SCH), or 10 uM staurosporine (ST) followed by the initiation of the kinase assay with the
addition of c-Fos substrate and ATP. After 30 min. incubation, the reaction was stopped and the c-Fos
phosphorylation sites indicated were evaluated by immunoblotting. (b) Densitometry analysis of ERK2-
mediated c-Fos phosphorylation on T325, S374, T232, and S32 in the presence of 3-60 uM of SF-3-030.
Data are normalized to ERK2-mediated c-Fos phosphorylation in the presence of vehicle (DMSO) only. (c)
Immunoblot analysis of in vitro kinase assays for ERK2-mediated RSK1 phosphorylation (pRSK1 T573) in
the absence or presence of 3-60 uM of SF-3-030 or 1 uM SCH772984 (SCH). Phosphorylated ERK2 in
each condition is shown as a control.

Lead compounds inhibit AP-1 promoter activity in melanoma cells with
constitutively active ERK1/2. The effects of SF-3-026 and analogs were next tested in
A375 melanoma cells containing an activating valine to glutamate mutation on residue
600 (Val600Glu) of BRaf and constitutive ERK1/2 activation [53]. Similar to the EGF or

PMA-stimulated HeLa and HEK293 cells, SF-3-029 and SF-3-030 were more potent
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inhibitors of AP-1 activity in A375 cells (Fig. 3.7a). Given that SF-3-030 appeared to be
the most effective at inhibiting the basal expression of Fos family proteins in A375 cells
(Fig. 3.7b), the dose dependent inhibition effects of SF-3-030 on the expression of AP-1
proteins and other IEGs were further examined. SF-3-030 showed a dose dependent
inhibition of c-Fos, FosB, FosB2, Fral, and c-Myc, but Egr-1 expression was unaffected
(Fig. 3.7¢). SF-3-030 also caused an increase in phosphorylated ERK1/2 (Fig. 3.7¢),
which others have observed in A375 cells treated with an ATP-competitive ERK1/2
inhibitor, VTX-11e, and attributed to effects on negative feedback pathways [10].
However, MEK1/2 phosphorylation is not increased with SF-3-030 (Fig. 3.7¢),
suggesting that the impact on ERK1/2 negative feedback by SF-3-030 is not due to
effects on kinases upstream of ERK1/2. The MEK1/2 inhibitor, U0126, blocked Fra-1
phosphorylation involved in transcription regulation (data not shown) but did not block
the expression of Fra-1 as was observed with other Fos proteins and c-Jun (Fig. 3.7b/c).
Additional selectivity of the compounds was shown where SF-3-026 and analogs did not
affect basal expression of the D-domain containing c-Jun protein or the phosphorylation
of MEK1/2 (Fig. 3.7d). As was shown in Fig. 3.7c, all compounds at 50 uM increased

phosphorylation of ERK1/2 and the D-domain substrate RSK1 (Fig. 3.7d).
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Figure 3.7 SF-3-026 and analogs inhibit Fos family proteins in melanoma cells.

(a) A375 cells expressing the AP-1 promoter construct were treated with 0 - 100 uM of SF-3-026 analogs
for 4 hours followed by measurements of luciferase activity. Data were normalized to untreated A375 cells
and represent the mean and standard deviation from three independent experiments. (b) A375 cells treated
for 1 hour in the absence or presence of 10 uM U0126 or 50 uM of SF-3-026 and analogs were
immunoblotted for total c-Fos, FosB, FosB2, or Fral. (c) Expression of total c-Fos, FosB, FosB2, Fral, c-
Myc, or Egrl from A375 cells treated in the absence or presence of U0126 or indicated concentrations of
SF-3-030. Controls for inhibition by U0126 include phosphorylated Fral (pFral S265), pERK1/2, and
pPMEKZ1/2. (d) Expression of c-Jun or phosphorylated RSK1, ERK1/2, and MEK1/2 from A375 cells
treated as in (b). a-tubulin expression was used for a loading control.
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Lead compounds selectively inhibit proliferation of melanoma cells with
constitutively active ERK1/2. It was next determined whether SF-3-026 and analogs
affected the proliferation of A375 and RPMI17951 melanoma cells driven by BRaf
(\Val600Glu) mutation. RPMI7951 cells are heterozygous for the BRaf (Val600Glu)
mutation but are resistant to BRaf inhibitors due to overexpression of MAP3K8 (the gene
encoding COT/Tpl2) that re-activates ERK1/2 signaling [54, 55]. Both melanoma cells
lines were treated with varying doses of SF-3-026 or analogs and cell viability was
compared to HeLa cervical carcinoma and Jurkat T-cell leukemia cells, which are p53
defective but contain no known activating mutations in the ERK1/2 pathway [56].
Compound SF-3-026 and the analogs showed a dose-dependent inhibition of each cell
line; however the A375 and RPMI17951 melanoma cells were more sensitive to the test
compounds with Glsg values in the low uM range and several fold lower than the HelLa

or Jurkat cells even when adjusted for individual cell growth rates (Table 3.2).

Table 3.2 Glso values (uM) for SF-3-026 and analogs in cancer cell lines.

A375 | RPMI7951 | HelLa | Jurkat
SF-3-026 7.8 5.1 32 >50
SF-3-027 5.5 3.1 22 >50
SF-3-029 7.9 4.9 25 >50
SF-3-030 7.1 4.6 29 >50
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To test whether the inhibition of cell proliferation was due to induction of apoptotic
markers, A375 and HelLa cells were treated with varying doses of SF-3-030 and analogs
and cell viability along with caspase 3/7 activity was measured. Treatment with
compounds caused a dose dependent increase in caspase 3/7 activity in A375 cells but

had little effect on caspase 3/7 activity in HelLa cells (Fig. 3.8a).

Lastly, the expression of AP-1 proteins was evaluated in the four cell lines to evaluate
whether differences in protein expression could explain why the test compounds
selectively inhibit the proliferation of melanoma cells with active ERK1/2 signaling. As
expected, phosphorylated and active ERK1/2 was elevated in the A375 and the drug
resistant RPMI17951 melanoma cells as compared to the HeLa or Jurkat cells (Fig. 3.8b).
When normalized to a-tubulin expression, all AP-1 proteins evaluated were expressed in
A375 cells, which also contained the highest basal expression levels of Fral and FosB
proteins as compared to the other cells (Fig. 3.8b). Fral expression was also found in
RPMI7951 cells but not in HeLa or Jurkat cells. Interestingly, HeLa cells showed the
highest level of basal c-Fos expression, which could explain their increased sensitivity to
growth inhibition when treated with the compounds compared to the Jurkat cells that
have undetectable levels of the AP-1 proteins (Fig. 3.8b). However, these data indicate
that selective targeting of AP-1 heterodimer partners consisting of Fral by the lead
compounds may play a role in sensitizing melanoma cells containing mutated BRaf and

active ERK1/2 signaling to growth inhibition and apoptosis.
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Figure 3.8 Lead compounds induce caspase 3/7 activity in A375 melanoma cells.

A375
Cells

HelLa
Cells

(a) A375 (closed symbols) or HeLa (open symbols) cells were treated for 24 hours with indicated

concentration of SF-3-026, SF-2-027, SF-2-029, or SF-2-030 and caspase 3/7 activity was measured using
the luminescent Caspase 3/7 Glo Assay. Data are representative of two experiments with each condition
performed in duplicate. (b) Relative expression levels for AP-1 proteins in select cancer cell lines. Protein
lysates from A375, RPMI7951, HeLa, or Jurkat cells were immunoblotted for total c-Fos, Fral, FosB,
FosB2, c-Jun, or phosphorylated ERK1/2 (pERK1/2). a-tubulin expression is shown for a protein loading

control.
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3.4: Discussion

The current findings describe a thienyl benzenesulfonate scaffold that can target ERK1/2
signaling pathways and selectively inhibit the expression of Fos family proteins involved
in AP-1 regulated transcription. A variety of cancer types have been associated with
dysregulated AP-1 transcription factor components [57, 58]. Thus, inhibition of AP-1
functions may sensitize cancer cells with activated ERK1/2 signaling to growth inhibition
and be used to augment the effects of existing anti-cancer drugs [59, 60]. Targeted
inhibition of the ERK1/2 signaling has received much attention given the presence of
activating mutations in receptor tyrosine kinases, Ras G-proteins, and BRaf [61-64].
However, therapies targeting mutated BRaf or MEK1/2 proteins invariably lead to drug
resistance due to alternative mechanisms to activate ERK1/2 and recent efforts to directly
inhibit ERK1/2 proteins are being tested [10, 65, 66]. Current small molecule kinase
inhibitors being used or evaluated in the clinic act by competing with ATP binding or
targeting allosteric sites in the catalytic domain that causes complete kinase inhibition. A
frequent cause of resistance to kinase inhibitors is the development of mutations in the
ATP binding and catalytic site, which subsequently reduce inhibitor interactions and

efficacy [67].

The current studies provide evidence for a new class of compounds that selectively
inhibit ERK1/2 signaling through F-site containing substrates, including Fos family
proteins and c-Myc, but have limited effects on D-domain containing substrates, such as

c-Jun or RSK1 (Figs 3.4, 3.5, and 3.7). In addition, other IEGs that contain undefined
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docking domains and are regulated by ERK1/2, such as Egrl, were also unaffected by the
lead compounds (Figs. 3.4, 3.5, and 3.7). While the structural studies (supplemental data)
and in vitro kinase assays (Fig. 3.6) suggest the lead compounds target the FRS on ERK2,
future studies will need to evaluate whether other proteins are targeted in cells. It was
particularly encouraging to observe selective inhibition of the F-site dependent Thr325
phosphorylation site with SF-3-030 in the in vitro kinase assays. Unfortunately, we were
unable to detect Thr325 phosphorylation with endogenous c-Fos from cell lysates. Thus,
validation that the test compounds inhibit F-site mediated phosphorylation in cells
remains to be determined. Nonetheless, other phosphorylation sites on c-Fos (Ser32 and
Thr232) and Fral (Ser265) that were inhibited by the MEK1/2 inhibitor U0126 are also
inhibited by SF-3-030 prior to loss of total c-Fos and Fral protein (Figs. 3.4, 3.5, and

3.7).

The data in the current studies suggest that targeted inhibition of F-site containing
ERK1/2 substrates and AP-1 mediated transcription can selectively sensitize melanoma
cells to growth inhibition and cell death. This response appears to correlate with the
levels of activated ERK1/2 in the cells and is not related to the cell growth rates. It should
be noted that the compound’s mechanism of action may be different with different types
of melanoma. As shown in table 3.2, the Glsos for the compounds are similar for A375
and RPMI7951 cells, despite varying expression levels for AP-1 proteins (Fig. 3.8).
However, the expression of Fral is common to both of these melanoma cell lines and

future studies will be aimed at determining whether Fral expression is elevated in other
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ERK1/2-driven cancer cells and whether Fral inhibition is sufficient to sensitize these
cells to growth inhibition and induction of apoptosis. Given that the compounds show
selective inhibition of ERK1/2-mediated signaling events, we propose that specific
targeting of ERK1/2 signaling functions could be an effective approach to inhibit the
survival of ERK1/2-addicted cancer cells in a way that reduces off-target toxicity and the

potential to develop resistance to these selective agents.

There is significant interest in developing new approaches to target protein-protein
interactions to improve specificity and efficacy in treating cancers with constitutive
ERK1/2 pathway activity due to Ras and Raf mutations [68]. While the current studies
support the identification of new molecules that disrupt ERK1/2-dependent signaling
events, other targets of these compounds are likely to be identified. There are only a
limited number of studies reporting the discovery of small molecule inhibitors of MAP
kinase substrate docking sites. An earlier report using deuterium exchange mass
spectrometry described the identification of substrate selective inhibitors of the p38a.
MAP kinase as a potential approach to improve regulation of inflammatory responses
[69]. These studies described a small molecule inhibitor that targeted the active site of
p38a MAP kinase and caused perturbations in residues in the DRS region of this kinase,
which allowed the inhibitor to discriminate between the D-domain containing substrates
MK2 and ATF2. However, others suggested the differential effects of this compound on
MK2 and ATF2 phosphorylation were a function of substrate:kinase stoichiometry and

not due to the substrate selectivity of the compound [70]. A more recent study indicated
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that the natural product zuonin A can target the DRS on INK MAP kinase and inhibit
phosphorylation of c-Jun [71]. Similarly, BI-78D3 was a small molecule identified to
compete with a D-domain containing peptide found on the JNK interacting protein-1
(JIP1) and inhibit interactions with JNK1 [72]. Other screening approaches have
identified novel compounds that bind to exposed allosteric sites on the JNK or p38 MAP
kinase’s surface and are ATP independent [73]. While it is not known whether these
compounds have differential effects on substrate proteins, this represents an alternative
approach for identifying novel kinase inhibitors with improved selectivity over inhibitors

that target highly conserved ATP binding sites.

While the present results indicate selective inhibition of the phosphorylation of substrate
proteins by the studied inhibitors, selectivity is not absolute and may be stimulus-
dependent. This is evident in the results showing inhibition of phosphorylation or
expression of the D-domain substrates, RSK-1 and c-Jun, at higher concentrations of test
compound following treatment with EGF (Figs. 3.1, 3.2, and 3.4). However, RSK-1 and
c-Jun phosphorylation or expression was unaffected by the compounds in cells treated
with PMA or in melanoma cells containing BRaf mutations (Figs. 3.5 and 3.7). This
highlights the complexity of the signaling pathways and the differential effects of
inhibitors that were well illustrated with MEK1/2 inhibitor’s effects on ERK1/2 signaling
in cells containing BRaf or KRas mutations [74]. We have also observed partial
specificity with putative DRS-targeted inhibitors, which inhibit ERK1/2-mediated

caspase-9 and RSK-1 phosphorylation and sensitize transformed cells to undergo
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apoptosis [28]. Two factors may contribute to this lack of absolute specificity. First, the
interaction between ERK2 and substrate may involve a relatively large portion of the
docking domain such that interactions with more than one of the spatially adjacent sites
may occur. While the structure of a full substrate protein bound to ERK2 is not available,
structures of D-domain peptides from hematopoietic protein tyrosine phosphatase (PDB
ID: 2GPH) and MAP kinase phosphatase-3 (PDB ID: 2FYS and 1HZM) are available
[75-77]. These peptides bind primarily to the DRS, though the C-terminal regions of the
peptides extend towards other putative binding sites. Such additional interactions may be
anticipated to lead to compounds binding to a given site on the docking domains to

partially block interactions of substrate proteins not primarily interacting with those sites.

In the context of substrate interactions with the FRS on ERK1/2, conformational changes
associated with the active phosphorylated form of ERK2 were reported to promote
interactions with F-site substrates [21]. Recently, studies using D-domain or F-site
specific peptides reported that there was little communication between the DRS and FRS
on ERK2 when one site was occupied with a peptide [78]. Nonetheless, occupancy at
either site with a substrate protein may lead to conformational perturbations on either the

structural and/or dynamical levels that regulate the formation of signaling complexes.

In summary, a combination of computational and experimental methods has been used to
identify a new class of low-molecular weight compounds that regulate the expression and

function of F-site containing ERK1/2 substrates involved in AP-1-mediated transcription
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and cancer cell proliferation. The availability of these compounds will facilitate
investigations into the biological function of ERK1/2-mediated signaling using chemical
biology and potentially lead to the development of novel therapeutic agents. In addition,
the successful identification of ATP-independent substrate-specific inhibitors of ERK1/2
is anticipated to open the door for similar ligand design strategies targeting protein-

protein interactions in systems where a given protein has multiple interacting partners.
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Chapter 4: The Mechanism of a Novel Chemical Scaffold that
Selectively Inhibits ERK1/2-dependent Signaling May Involve the

Formation of Covalent Adducts*

4.1: Introduction

Chapter 3 described a novel thienyl benzenesulfonate scaffold that selectively inhibits
ERK-addicted melanoma cells. The mechanism of action involved targeted inhibition of
an ERK signaling phenotype involving Fos Family proteins in the AP-1 transcription
factor complex. To further examine the mechanism of action, various chemical
modifications of the thienyl benzenesulfonate scaffold were synthesized and tested for
inhibition of cancer cell growth. These structure-activity relationship studies showed that
eliminating a single double bond in the thienyl group of the chemical scaffold led to loss
of all biological activity, including inhibitory effects on cancer cell proliferation and AP-
1 transcription factor function. The dependence on the double bond suggested the
compounds may act as Michael acceptors or undergo Sn2’ and Sn2 reactions and form
covalent adducts with sulfhydryl groups on proteins and other molecules. These potential
covalent adducts and mass changes by these additions in the context of proteins and the
lead compound SF-3-026 are shown in Figure 4.1. The goals of these studies were to
determine whether the compounds formed covalent adducts with ERK2 and whether

these adducts affected substrate interactions with active ERK?2.

* Manuscript in preparation.
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Figure 4.1 Alkylation of proteins by SF-3-026.
Top panel: Sn2’ (shown) and Sn2 (not shown) alkylations increase peptide mass (M) by 116 Da. Bottom
panel: Michael addition increases M by 274 Da. Figure was generated by Dr. Steve Fletcher.

4.2: Methods

Cell Viability Assay. All cell lines were obtained from ATCC. SK-MEL-28, RPMI-
7951, and HeLa cells were grown in Eagle's Minimum Essential Medium. A375 cells

were grown in Dulbecco's Modified Eagle's Medium. HL-60 cells were grown in Iscove's
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Modified Dulbecco's Medium and Jurkat cells were grown in RPMI-1640. For cell
viability assays, cells were seeded overnight in 96-well plates at a concentration of 5,000
cells per well. The next day cells were treated with compounds and allowed to grow for
an additional two days. After two days of incubation with compound, cell viability was
measured using CellTiter-Blue Reagent (Promega). Briefly, 20uL of reagent were added
to each well, mixed, and incubated at 37°C for 2 hours at which time fluorescence was

measured (excitation = 560nm / emission = 590nm).

AP-1 Luciferase Reporter Assay. Activator Protein 1 (AP-1) response element
luciferase vector was obtained from Promega (pGL4.44[luc2P/AP1 RE/Hygro]). HEK-
293 cells were obtained from ATCC and grown in Eagle's Minimum Essential Medium.
Luciferase assay was performed as follows: 10,000 HEK-293 cells per well were plated
in white walled 96-well plates. After 24 hours, cells were transfected with AP-1
luciferase vector using Lipofectamine LTX reagent (Life Technologies). Twenty-four
hours post transfection, cells were treated with compound and then immediately
stimulated with 200nM TPA (12-O-Tetradecanoylphorbol-13-Acetate) for 6 hours. TPA
was obtained from Cell Signaling Technology and the MEKZ1 inhibitor, AZD-6244, was
obtained from Selleck Chemicals. All other compounds were synthesized in house. After
6 hours of stimulation, luminescence was measured using Bright-Glo Luciferase assay

system (Promega).

101



Immunoblotting: HeLa cells were seeded overnight in 12-well plate (100,000
cells/well). The next day cells were pretreated for 30 minutes with compounds or DMSO
followed by a 2 hour stimulation with 200nM TPA. The MEK inhibitor U0126 was
obtained from Cell Signaling Technology. After 2 hour stimulation, cells were washed
twice with cold 1X PBS on ice and then harvested with 2X Sample Buffer (0.1%
Bromophenol Blue, 200mM Tris-Base pH 6.8, 10% B-Mercaptoethanol, 4% SDS, and
20% Glycerol). SDS-PAGE and western blotting was performed as per standard
protocols. FRA-1, p-c-Fos (S32), and c-Fos primary antibodies were purchased from Cell
Signaling Technology; c-Jun antibody was purchased from Santa Cruz Biotechnology;

and ppERK1/2 and a-Tubulin were purchased from Sigma-Aldrich.

Differential Scanning Fluorimetry: Differential scanning fluorimetry (DSF) method
was adapted from Niesen F.H. et. al. [1]. Briefly, purified apo ERK2 or active
phosphorylated ERK2 was diluted to a concentration of 1uM in 10mM HEPES, 150mM
NaCl, pH 7.4 buffer and then spiked with 1X Sypro Orange dye (Invitrogen). Protein was
then aliquoted into a 96-well polymerase chain reaction (PCR) plate and compound or
vehicle was added such that the final DMSO concentration was 2%. Protein was then
melted in a PCR machine from 25°C to 95°C at a rate of 1°C per minute while measuring
Sypro Orange fluorescence (excitation filter FAM - 492 nm and emission filter ROX -
610 nm). Melting curves were fit to the Boltzmann equation using Graphpad Prizm

software to determine the melt temperature for each condition tested.
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Fluorescence Anisotropy: Peptides labeled with the fluorophore 5-TAMRA-MeOH
(TMR) corresponding to the D-domain (TMR- FQRKTLQRRNLKGLNLNL) and F-
domain (TMR-YAPRAPAKLAFQFPSR) of ERK were synthesized and purchased from
Life Tein. Fluorescence anisotropy was performed in a 384-well black plate with 30pL
total volume per well. Apo or active ERK2 was diluted in 10mM HEPES, 150mM Nacl,
10mM MgClz, ImM DTT, pH 7.4 with 1uM of either D or F-domain labeled peptide
added. For compound displacement data, active ERK2 was used at a concentration of
30uM with 1uM of D or F-domain labeled peptide and compound SF-3-026 or DMSO at

a 2% v/v final concentration.

4.3: Results

Thirteen analogs of a previously identified compound SF-3-026 (Chapter 3) were
synthesized to determine the structure activity relationship of the thienyl
benzenesulfonate scaffold. These compounds are predicted to target the F-recruitment
site of ERK2 and inhibit interactions and thereby phosphorylation of F-site containing
substrates of ERK1/2 proteins. Many F-site containing substrates, including the Fos
family of proto-oncogenes, promote cell proliferation [2, 3]. As such, it would be
predicted that cancer cell lines, which require constitutively active ERK signaling, would
be sensitive to these compounds through their inhibition of growth promoting substrates.
Two melanoma cell lines that are homozygous for the V600E mutation in BRaf (A375
and SK-MEL-28 cells) were used to test the effects of these compounds on cell viability.

BRaf is an upstream kinase to ERK in the MAPK signaling cascade and the V600E
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mutation activates the ERK pathway and drives these cancer cells to grow and divide.
These cell lines have been shown to be exquisitely sensitive to inhibitors that target the
ERK pathway kinases, whether it be BRaf, its direct target MAPK/ERK Kinase (MEK),
or ERK itself. A third melanoma cell line, RPMI-7951, which is heterozygous for the
BRaf V600E mutation was also tested. These cells, although they contain active ERK
signaling due to the BRaf mutation, are unique because they overexpress COT
(MAP3KS8) another kinase that can reportedly activate MEK directly, thereby rendering
these cells resistant to BRaf inhibitors [4]. A fourth cell line, HL-60, is a leukemia cell
line that is wild type for BRaf but has constitutively active ERK signaling due to an
activating mutation in NRAS, the GTPase activator of BRaf. These cells, like the RPMI-
7951 cells, are resistant to BRaf inhibitors but are expected to be sensitive to inhibitors of
kinases downstream to BRaf, such as ERK. Finally, two cell lines that have no activating
mutations in the ERK pathway, HeLa cervical cancer cells and Jurkat T-cell leukemia
cells, were tested to control for overt toxicity of the compounds and selectivity as

compared to targeted ERK pathway inhibition in the ERK-addicted cell lines.

As shown in table 4.1, only compounds with a double bond in the thienyl group (SF-3-
026, -027, -029, and -030) showed inhibitory activity in any of the six cell lines.
Furthermore, these four compounds demonstrated selectivity for the four cell lines with
constitutively active ERK signaling over the two cell lines with wild type ERK pathway
signaling even at the very high dose of 100uM, thereby dismissing the notion that these

compounds could simply be overtly toxic to all cells. Also of importance is that all four
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compounds with the thienyl group double bond showed robust inhibitory activity of the
RPMI-7951and HL-60 cells, which are resistant to BRaf inhibitors. This supports the
mechanism of action of these compounds being through targeting the ERK pathway

downstream of BRaf.
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Table 4.1 Effects of SF-3-026 analogs (100tM) on the viability of several cancer cell

lines. Cells were exposed to compounds for 48 hours.

Compound Structure Cell Viability (% of Vehicle)
Name SK-MEL-28 A375 RPMI-7951  HL-60 Hela Jurkat
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To further analyze the mechanism of action of these compounds and the importance of
the double bond in the thienyl group, we examined the effect these compounds have on
Activator Protein-1 (AP-1) transcriptional activity using a luciferase reporter assay. In
this assay, a vector consisting of the AP-1 response element controlling the expression of
the luciferase enzyme was transfected into HEK-293 cells. AP-1 activity was then
induced with the addition of 200nM TPA and after 6 hours luciferase enzyme activity
was measured as a surrogate for AP-1 promoter activity. As shown in figure 4.2a, only
the four compounds with the thienyl group double bond showed diminished AP-1
activity. This strongly correlated with the cell viability data and further emphasized the
importance of this double bond. The correlation to the cell viability data is not surprising
since the AP-1 transcriptional complex is a known regulator of cell growth and
proliferation. The fact that AP-1 is itself regulated by ERK further implicates the ERK
pathway as the target for these compounds and describes a potential mechanism of action
through which these compounds are able to block proliferation of cells with active ERK
signaling through the inhibition of AP-1. Indeed, the known MEKZ1 inhibitor, AZD6244,
has the same diminution of AP-1 activity in this assay as the four thienyl

benzenesulfonate compounds with the double bond (Fig. 4.2b).
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Figure 4.2 Effect of SF-3-026 analogs on Activator Protein-1 (AP-1) promoter.

(A) HEK-293 cells transfected with AP-1 response element luciferase reporter and stimulated with 200nM
TPA. Cells treated with 0.5, 5 and 50puM of each compound. Arrow highlights inhibition with SF-3-026,
SF-3-027, SF-3-029 and SF-3-030. (B) MEK inhibitor AZD-6244 dose response was performed as positive

control.
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The AP-1 luciferase data led us to examine the effects of these compounds on the
expression of proteins that make up the AP-1 transcription factor complex. The AP-1
transcription factor complex consists of heterodimer proteins of the Fos, Jun, and ATF
families. Of these, the Fos family members, FRA1L, FosB, and c-Fos, are directly
regulated by ERK1/2. As seen in figure 4.3, compound SF-3-026 is able to block the
inducible expression of FRA1 in a dose dependent manner in HelLa cells stimulated with
TPA to activate the ERK pathway. Importantly, the control compound without the double
bond in the thienyl group (SF-2-110) has no effect on FRAL expression. The MEK1
inhibitor, U0126, also blocks the production of FRA1 but blocks phosphorylation of
ERK1/2 as well, which is consistent with its mechanism of action. SF-3-026, however,
does not block phosphorylation of ERK1/2, which in turn is consistent with its proposed
mechanism of action as an inhibitor of ERK regulation of substrate proteins. The fact that
FRAL is an F-site substrate of ERK provides some evidence that SF-3-026 blocks ERK
not through its catalytic site but through the F-domain recruitment site. To explore this
idea further, we compared the effects of SF-3-026 and U0126 on c-Fos, which also
contains an F-site and regulates the expression of FRAL. SF-3-026 has no effect on c-Fos
protein itself however it dose dependently blocks phosphorylation of c-Fos at serine 32,
which may affect is transcription factor function (Fig. 4.3). In contrast, U0126 blocks
both c-Fos expression and serine 32 phosphorylation induced by TPA (Fig. 4.3). This
indicates that SF-3-026 is able to block some but not all ERK activity as is observed with
the MEK1/2 inhibitor U0126. These findings taken together with the fact that c-Fos is

another F-site containing ERK substrate implicates the F-domain recruitment site on
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ERK as a possible target of the compounds. Finally, we evaluated the effects of SF-3-026
on c-Jun, which contains a D-domain and partners with Fos proteins in the AP-1
complex, for selectivity and off-target effects. As shown in Fig. 4.3, neither U0126 nor

SF-3-026 had any effects on c-Jun.

SF-2-110 SF-3-026
5 2550 5 2550 uM
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Figure 4.3 HeLa Cells pretreated with SF-2-110 or SF-3-026 and stimulated with TPA.
Comparison of the effects of compounds SF-2-110 and SF-3-026 on Fos family immediate early genes in
Hel a cells stimulated with 200nM TPA for 2 hours. U0126 a MEK?1 inhibitor was used as positive control.
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We next determined whether the two compounds, SF-3-026 or SF-2-110, directly bound
to apo ERK2 or active phosphorylated ERK2 (ppERK?2) using differential scanning
fluorimetry (DSF) [1]. Compound SF-3-026 was able to positively shift the melting
temperature of both apo ERK2 and ppERK2 in a dose dependent manner, which is
indicative of direct binding (Fig. 4.4a, b). Conversely, compound SF-2-110, which is
identical to SF-3-026 except for the double bond in the thienyl group, had no effect on
the melting temperature of either ERK2 or ppERK2 even at the highest dose (Fig. 4.4a,
b). This suggested that SF-3-026 did indeed bind to ERK2 and that the double bond in the
thienyl group was critical for this interaction to occur. One notable point was that SF-3-
026 appeared to favor binding the active phosphorylated ERK2 over apo ERK2 as
evidenced by the modest leftward shift of the ppERK2 curve when overlayed with apo
ERK?2 in figure 4.4c. To further explore this observation, we performed fluorescence
anisotropy using fluorescently labeled peptides corresponding to the D- and F-domains of
ERK substrates. As illustrated in figure 4.5, the D-domain peptide bound with equal
affinity to apo ERK2 and ppERK2 while the F-domain peptide clearly favored ppERK2
over apo ERKZ2. This agrees with reports that phosphorylation of the activation loop of
ERK?2 causes a conformational change in the protein that exposes the F-recruitment site
for substrate binding [5]. Taken together, the fact that both SF-3-026 and the F-domain
peptide favor binding to active phosphorylated ERK2 over apo ERK2 provides another

indication that the compound may be interacting with the F-recruitment site.
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Figure 4.4 DSF of SF-2-110 and SF-3-026 to apo and active ERK2.
Differential scanning fluorimetery (DSF) of compounds SF-2-110 and SF-3-026 to apo ERK2 (A) and
active ERK2 (B). Preferential binding of SF-3-026 to active ERK2 is suggested in panel (C).
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Figure 4.5 Fluorescence anisotropy of D- and F-domain peptides to apo and active ERK2.
Fluorescence anisotropy of D-domain peptide (A) and F-domain peptide (B) to apo ERK2 and active
ppERK2. Kd values (UM) of each are included.

113



To determine whether SF-3-026 and the F-domain peptide interact with ERK2 in the
same region, we evaluated whether compound SF-3-026 could displace the F-domain
peptide from active ERK2 while leaving the D-domain peptide unaffected. Paradoxically,
what was initially observed was that compound SF-3-026 appeared to displace the D-
domain peptide but caused the F-domain peptide to bind more tightly to active ERK2

both in a dose dependent manner (Fig. 4.6).
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Figure 4.6 Fluorescence anisotropy of D- and F-domain peptides to active ERK2 in the presence of SF-3-
026.

Fluorescence anisotropy was performed with labeled D- and F-domain peptides at 1uM with 30uM active
ERK2. Six doses of SF-3-026 were tested with each peptide and data were normalized to vehicle control.

114



4.4: Discussion

We have demonstrated through structure activity studies that the biological activity of a
novel thienyl benzenesulfonate chemical scaffold is dependent on a single double bond.
This strongly suggests that these compounds can form covalent adducts with proteins,
likely through cysteine modifications. However, definitive proof of these covalent
adducts has, thus far, not been demonstrated. It might be expected that these chemical
adducts could have been identified in the X-ray crystallization studies (Chapter 3).
Although the co-crystallization studies provided some evidence for compound SF-3-026
binding to the F-domain recruitment site on ERK2, the data were not conclusive.
Moreover, while the biophysical studies (DSF and FA) with pure ERK2 protein provide
some evidence for molecular interactions with the compounds, the data are not as
compelling as one would expect for a compound that may interact covalently.
Nonetheless, the lead compounds are clearly selective in their inhibition of ERK-driven
cancer cells and ERK-dependent signaling events in cells. In addition, we have no
evidence that the compounds affect any of the upstream regulators of ERK activity,
including MEK1/2, the only known direct activators of ERK1/2 (see chapter 3).
Moreover, we have yet to identify any other growth promoting signaling proteins that
might be inhibited by the compounds. This raises the question as to why the compounds
can affect ERK-dependent signaling with single digit micromolar concentrations in cells
but requires several hundred micromolar concentrations to affect isolated ERK protein
functions in the “test tube”? Certainly, the complexity and context of the cell could

influence how these compounds behave. ERK1/2 proteins may have hundreds of
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interacting partners, some of which are substrates while others act as scaffolds to
coordinate signal transduction [6]. It is possible that the compounds mechanism of action
may be through direct targeting of scaffold proteins that interact with the ERK proteins
and coordinate signaling. For example, kinase suppressor of Ras (KSR) is an ERK
signaling pathway scaffold protein that coordinates signal transduction [7,8]. KSR also

interacts with ERK1/2 through an F-site [9].

To provide definitive analysis of the compounds interactions with ERK2, we are
collaborating with Dr. Dave Goodlett’s laboratory to evaluate covalent adducts by mass
spectrometry. These studies are underway and we will be evaluating cysteine adducts
containing mass changes indicated in Fig. 4.1 on trypsin-digested peptides following
ERK2 incubation with compound SF-3-026. Identification of such covalent adducts with
ERK2 would provide significant understanding of the compound’s binding site on ERK2
and mechanism of action. It may also help explain how the compounds could promote
unproductive substrate interactions as suggested in Fig. 4.6. However, if ERK2 is not the
direct target of the lead compounds, future studies will also use mass spectrometry to
identify covalent adducts on protein lysates isolated from cells treated with the

compounds.
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Chapter 5: Overcoming Drug-Induced Resistance in BRaf Mutated

Melanoma Cells*

The overall aim of my thesis work was to develop substrate selective inhibitors of
ERK1/2 and test these compounds in models of drug resistant melanoma. In chapter 2, |
describe the development of ERK2 inhibitors that putatively bind to the D-recruitment
site of the protein. In chapters 3 and 4, | describe the characterization of a novel set of
compounds that are intended to target the F-domain recruitment site of ERK2 and
propose a potential mechanism of action for their inhibition of cell proliferation in cells
with activated ERK1/2 signaling. In this chapter, I will discuss the development of
models of drug resistance to clinically relevant inhibitors of BRaf and MEK1/2 and test

the efficacy of the novel set of compounds we have developed in these models.

5.1: Background

Approximately 50% of all melanomas have a mutation to BRaf which drives these cancer
cells to grow and divide by constitutive activation of the ERK pathway [1]. Inhibitors to
kinases in the pathway, BRaf and MEK1/2, have been developed and are clinically
available. These agents are well tolerated and are initially very effective in reducing
tumor burden even in patients with extensive disease. However continuous treatment is

required and after 6-12 months of therapy, the tumor develops resistance to these

* Future manuscript.
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molecularly targeted drugs and the patients inevitably succumb to the disease [2]. With
the nascent success of these agents, intense research has gone into identifying the
mechanisms through which the tumor escapes the suppressive effects of these compounds
and a picture of MAPK inhibitor drug resistance has now emerged (Fig. 5.1) [3]. Not
surprisingly, many of the resistance mechanisms involve the reactivation of the ERK
pathway downstream of the initial blockade. This is consistent with a pathway addiction
phenotype that has been seen with other cancers that have developed resistance to
molecularly targeted therapies [4]. As such, it was my hypothesis that targeting ERK1/2
itself which is the terminal node in the pathway could be a potential salvage therapy for
patients who have become resistant to agents directed at upstream kinases (BRaf and
MEKZ1/2). Furthermore it seemed plausible that by using substrate selective ERK
inhibitors that block some but not all ERK signaling, the selection pressures that drive the
development of drug resistance would be attenuated thereby making the response to these

novel class of inhibitors more durable.
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Figure 5.1 Mechanisms of drug resistance to molecularly targeted agents in melanoma.
Various mechanisms of drug resistance, both acquired and de novo, to BRaf and MEK1/2 inhibitors are
illustrated. A possible mechanism of action of our lead compound SF-3-030 is also indicated.

5.2: Methodology

In order to develop models of drug resistance to test our putative substrate selective ERK
inhibitors, A375 melanoma cells were grown over a period of 8 to 12 months in
increasing concentrations of the BRaf inhibitor, PLX4032, or the MEK1/2 inhibitor,
AZDG6244 [5]. A375 melanoma cells are homozygous for the V600E mutation to BRaf
and have been shown to be very sensitive to both BRaf and MEK1/2 inhibitors, which
exhibit low nanomolar potency for inhibition of cell proliferation in this cell line. A final

concentration of 10puM of the BRaf inhibitor (PLX4032) and 1uM of the MEK1/2
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inhibitor (AZD6244) was achieved whereupon the cells were sufficiently growing and
dividing at a rate not too dissimilar from the parent cells. At this point the cells were
deemed suitable for testing as models for acquired drug resistance to BRaf and MEK1/2
inhibitors. For a model of de novo drug resistance, RPMI7951 melanoma cells were
chosen. These cells are heterozygous for the BRaf V60OE mutation and demonstrate a
constitutively active ERK pathway. However these cells are resistant to BRaf and
MEKZ1/2 inhibitors presumably due to the overexpression of COT (MAP3K8), a kinase
that is reportedly able to activate MEK1/2 and possibly ERK1/2 directly, thereby

circumventing inhibitor blockade of BRaf or MEK1/2 [6].

5.3: Results

Four cell lines (A375 parent, A375 acquired resistance to BRaf inhibitor PLX4032, A375
acquired resistance to MEK1/2 inhibitor AZD6244, and RPMI17951 de novo drug
resistance) were tested in cell proliferation assays to determine their sensitivity to various
small molecule inhibitors targeting the ERK pathway (Fig. 5.2). The first compound
tested was the clinically available BRaf inhibitor, PLX4032 (vemurafenib). This
compound was found to be very efficacious in the A375 parent cells, however the other
three cell lines were resistant to the inhibitory effects of this molecule (Fig. 5.2a). The
next compound tested was the MEK1/2 inhibitor, AZD6244 (selumetinib), which is
another compound currently being tested clinically. AZD6244 showed potent activity in
the A375 parent cells and somewhat diminished activity in the A375 cells resistant to

PLX4032. As expected, the compound was unable to inhibit cell proliferation of A375
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cells resistant to AZD6244 and also showed little to no activity in RPMI17951 cells (Fig.
5.2b). The next two compounds tested are commercially available ERK1/2 inhibitors
(VTX-11e and SCH772984) that target the ATP binding site of the kinase. Both these
compounds showed potent activity in inhibiting cell proliferation of the A375 parent and
PLX4032 resistant cells. However these two compounds were inadequate in preventing
proliferation of A375 cells resistant to AZD6244 and the RPMI17951 cells (Fig. 5.2c, d).
The final two compounds tested were the putative substrate selective ERK inhibitors that
we developed in house. SF-2-054 is a thiazolidine-2,4-dione compound that targets the
D-recruitment site of ERK2 (chapter 2) and SF-3-030 is a thienyl benzenesulfonate that
targets the F-recruitment site on ERK2 (chapter 3, 4). These two compounds, although
less potent than the ATP binding site targeted molecules, were equipotent in inhibiting
proliferation of all four cell lines tested (Fig. 5.2e, f). In fact, these two compounds were
more potent than many of the other clinically available compounds in the acquired and
de-novo drug resistant cell lines. Table 5.1 summarizes the 1Cso data for all the

compounds in all four cell lines.
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Figure 5.2 Cell viability of sensitive and drug resistant cell lines treated with ERK pathway targeted agents.
Four cell lines were tested: (1) A375 parent, A375 acquired drug resistance to (2) PLX4032 at 10uM, (3)
AZD6244 at 1uM, or (4) RPMI7951 de novo drug resistant cells. The efficacy of the BRaf inhibitor,
PLX4032 (A); the MEK1/2 inhibitor, AZD6244 (B); ATP binding site ERK1/2 inhibitors, VTX-11e and
SCH772984 (C and D respectively); and putative ERK2 inhibitors that target the D-recruitment site (E) and
F-recruitment site (F) were tested in cell proliferation assays. Briefly 5,000 cells/well were seeded
overnight in 96 well plates and treated the next day with compounds. The cells were then allowed to grow
for an additional 2 days after which cell viability was measured using CellTiter Blue Reagent (Promega).
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Table 5.1 Summary of ICso values for compounds inhibiting cell proliferation of sensitive
and drug resistant melanoma cell lines.

1C50 (nM) A375-Parent A375-PLX4032_R A375-AZD6244 R RPMI7951
PLX-4032 0.060 >10 >10 >10
AZD6244 0.048 0.716 >10 >10
VTX-1le 0.194 0.200 >10 >10
SCH772984 0.027 0.030 >10 >10
SF-2-054 8.6 9.3 8.6 6.5
SF-3-030 9.1 11.0 6.7 5.4

In order to better understand the results of the cell viability data, the two cell lines with
acquired drug resistance to BRaf and MEK1/2 inhibitors were characterized with respect
to their parent A375 cells. Specifically, the focus was on changes in the protein levels of
certain markers of drug resistance that have been reported in the literature. Although the
results do not to paint an entirely clear picture of the mechanism of drug resistance for
these cells, some very important inferences can be gleaned from the data. First, the A375
cells that have acquired resistance to the BRaf inhibitor no longer have constitutively
active ERK1/2 signaling in the presence of 10puM PLX4032. This is seen by the decrease
in the ppERK1/2 band as well as the decreased expression of FRAL (immediate early
gene substrate of ERK1/2) in Raf resistant cells (Fig. 5.3). Interestingly, these cells
appear to have the splice variant of BRaf that has been seen both in the laboratory as well
as from biopsy samples of patients that have become resistant to PLX4032 (Fig. 5.3) [7].

This smaller molecular weight splice variant of BRaf renders the protein impervious to
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regulation by Ras GTPase and allows the kinase to freely dimerize and activate the
ERK1/2 pathway. Another important finding from the Raf inhibitor resistant cells is the
increased expression of the microphthalmia-associated transcription factor (MiTF), a
transcription factor involved in melanogenesis (Fig. 5.3). This transcription factor has
also been implicated in resistance to BRaf and MEK1/2 inhibitors [8]. The A375 cells
with acquired resistance to the MEK1/2 inhibitor AZD6244 appear to have developed a
different pattern of resistance as compared to the Raf inhibitor resistant cells. These cells
appear to have intact ERK pathway signaling even in the presence of 1uM AZD6244 as
seen with their ppERK1/2 and FRAL levels compared to the parent A375 cells (Fig. 5.3).
The MEK inhibitor resistant cell line appears to have elevated pAKT (S473) levels which
would be consistent with an activation of the PI3K — AKT pathway, which is a known
resistance mechanism (Fig 5.3) [9]. These cells also exhibited a loss of the tumour
suppressor neurofibromin-1 (NF-1). This protein inhibits Ras activity and its loss has
been associated with drug resistance in melanoma (Fig. 5.3) [10]. Isoform switching from
BRaf to CRaf is another well characterized resistance mechanism to ERK pathway
inhibition in melanoma [11]. Although the MEK inhibitor resistant cells don’t appear to
have elevated levels of CRaf, there are some clear differences with respect to the parent
A375 cells; particularly the appearance of a lower band. It is conceivable that this lower
band could be an alternative splice variant similar to what has been seen with BRaf; but

to date there are no reports of CRaf undergoing alternative splicing.
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Figure 5.3 Protein levels of certain markers of drug resistance in A375 parent and drug resistant cells.
Western blot of A375 parent cells, A375 cells with acquired drug resistance to a BRaf inhibitor (PLX4032),
and A375 cells with acquired drug resistance to a MEK1/2 inhibitor (AZD6244). Raf resistant cells were
cultured in 10uM PLX-4032 and MEK resistant cells were cultured in 1uM AZD6244.
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5.4: Conclusions

The idea of ERK1/2 inhibitors as a potential salvage therapy for tumors that have
developed resistance to upstream kinases BRaf and MEK1 has been taken up by the
pharmaceutical industry. Genentech (GDC-0994), Merck (SCH772984), and BioMed
Valley (BVD-523) each have their own version of an ERK1/2 inhibitor that binds to the
ATP catalytic site and clinical trials are ongoing for various indications. These class of
molecules showed mixed results in my models of acquired and de novo drug resistance.
The ATP catalytic site inhibitors were very effective in the A375 cells with acquired drug
resistance to the BRaf inhibitor PLX4032. However these compounds had little or no
activity to A375 cells resistant to AZD6244 or to RPMI7951 cells with de novo drug
resistance. Based on these relatively small studies, | would expect that these ERK1/2
inhibitors will have some efficacy in a limited number of patients but I do not see them
being a widely effective salvage therapy for patients who have developed resistance to
other MAPK pathway inhibitors. Furthermore, it is very likely that over time patients will
develop resistance to these inhibitors just as they have to the BRaf and MEKL inhibitors.
We are currently attempting to develop cell lines that are resistant to ERK1/2 inhibitors in
the lab so that we can characterize what types of resistance pathways these cells might

exploit.

As for our putative substrate selective ERK2 inhibitors, they fared surprisingly well in the
drug resistant cell lines. Both inhibitors, whether targeted to the D- or F-domain

recruitment sites of ERK2 showed equivalent potency in inhibiting cell proliferation of
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the A375 parent cells versus the PLX4032 or AZD6244 resistant cells or the de novo
resistant RPM17951 cells. These compounds are significantly less potent than the
catalytic site targeted molecules, however this might be expected since they target
grooves on ERK?2 that are less defined than the deep pocket where ATP binds.
Interestingly, these compounds were efficacious even in the cell lines where the ATP site
directed ERK inhibitors showed no activity. In fact these putative substrate selective
ERK inhibitors outperformed the clinically available agents in many of the drug resistant
cell lines. This leads one to wonder if these substrate selective ERK inhibitors have
additional targets that fortuitously give them an advantage over the ATP site targeted
inhibitors. Studies such as RNA sequencing for whole genome expression profiling as
well as proteomic approaches are being performed in order to get a more global picture of

the mechanism of action for these novel chemical entities.
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Appendix 1: Supplementary Material for Chapter 3

Al.1: Supplementary Methods

Materials. Test compounds were solublized in spectrophotometric grade dimethyl
sulfoxide (DMSO) and stored as 25 mM stocks at -20°C. Unless indicated, all chemicals
were purchased from Sigma Aldrich (St. Louis, MO) and/or Fisher Scientific. All cell
lines were purchased from American Type Culture Collection (ATCC, Manassas, VA)
and maintained in complete medium consisting of Eagle’s minimal essential medium
(EMEM) or Dulbecco's modified Eagle’s medium (DMEM) plus 10% fetal bovine serum
(FBS, Atlanta Biologicals, Lawrenceville, GA) and antibiotics (penicillin, 100 U/ml;

streptomycin, 100 ug/ml) (Invitrogen, Carlsbad, CA).

Protein expression and purification. ERK2 transformed BL21(DE3) E. coli were
grown in LB medium with 100 mg/ml ampicillin and protein expression was induced by
0.5 mM isopropyl-B-D-thiogalactoside (IPTG) for 4 hours. Protein purification was
performed on ice or at 4°C. The cells were harvested by centrifugation and resuspended
in lysis buffer (50 mM sodium phosphate, 300 mM NaCl, 10% glycerol, pH 7.8)
supplemented with protease inhibitors phenylmethylsulfonylfluoride (PMSF, 1 mM) and
benzamidine (10 mM). Lysozyme was added and the mixture sonicated followed by
centrifugation at 10,000 rpm for 45 minutes. The cleared lysate was loaded onto a Co?*
charged resin (Talon, Clontech) and the bound protein washed with 50 mM sodium

phosphate, 300 mM NaCl, 10% glycerol, 20 mM imidazole (pH 7.8) and eluted with
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increasing concentrations of imidazole. Protein-containing fractions and purity of the
fractions were determined by SDS-PAGE electrophoresis, concentrated and dialyzed.

Protein concentration was determined by UV and/or Bradford method.

Crystallization, Data Collection and Model Refinement. Crystallization was
performed with the sitting-drop vapor-diffusion method. The initial condition was
obtained from the Classics 11 Suite (Qiagen, Valencia, CA) containing polyethylene
glycol (PEG) 3350 (w/v, 25%) in a BIS-TRIS buffer (100 mM, pH 6.5). Subsequent
screening against Additive Screen (Hampton Research, Aliso Viejo, CA) showed that
incorporation of 100 mM sodium malonate and 100 mM NDSB-256 into this precipitant
could significantly improve the quality of crystals. In the final crystallization experiment,
25 mM compound 2.3.2 dissolved in DMSO was diluted by 100 fold in H2O, equal
volume of protein and diluted ligand was mixed, following which 71% volume of
protein-ligand mixture was mixed with 29% volume of precipitant (BIS-TRIS, 100 mM,
pH 6.5; PEG 3350, 25%; sodium malonate, 100 mM, pH7.0, and 100 mM NDSB-256)
and equilibrated against the reservoir (70 uL). Crystals grew within 10 days at 22°C.
Crystals were harvested, cryo-protected with the precipitant supplemented with 0.25 mM
ligand and flash cooled in liquid nitrogen before data collection. X-ray diffraction data
were collected at Stanford Synchrotron Radiation Lightsource (beamline 7-1). Diffraction
images were processed using DENZO/SCALEPACK. The structure of ERK2/2.3.2

complex was solved by molecular replacement using PHASER with the structure of the
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unliganded protein as starting model (PDB 1D 1ERK). This was followed by iterative

manual model rebuilding using COOT and model refinement using REFMAC.

Computational Methods

MD simulations. Simulations were initiated with the 3D structures of ERK2 in both the
phosphorylated (active) [1] (PDB ID 2ERK) and unphosphorylated (inactive) [2] (PDB
ID 1ERK) states retrieved from the Protein Data Bank [3]. The program Reduce [4] was
used to add hydrogen atoms and optimize the orientations of the sidechain OH, SH,
NH3*, -S-CHs, and amide moieties, as well as the imidazole rings of the histidines. To
obtain multiple conformations of the putative binding sites in ERK2 suitable for database
screening MD simulations were performed with the programs CHARMM [5] and NAMD
[6]. Calculations used the CHARMMZ22 all-atom protein force field [7] including the
CMAP backbone energy correction [8]. Simulations for sites 2, 3 and 4 were based on a
truncated octahedron periodic system (112 A edge length) run in CHARMM while those
for site 5 were based on a cubic system (98 A edge length) run in NAMD. Preparation for
the MD simulations involved overlaying the structures of phosphorylated and
unphosphorylated ERK2 with pre-equilibrated truncated octahedron or cubic boxes of
TIP3P water [9] that contained 150 mM NaCl. Solvent molecules with non-hydrogen
atoms within 2.8 A of protein non-hydrogen atoms were deleted. Each system was
minimized and heated to 298K at a rate of 10K/ps and equilibrated in the NPT ensemble
(1 atm, 298K) [10] for 5ns. Simulations were performed with a 2 fs integration timestep

using the SHAKE algorithm [11] to constrain covalent bonds to hydrogens. Electrostatic
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forces were calculated with the particle mesh Ewald (PME) method [12] using a real
space cutoff of 12 A with a kappa value of 0.4 A and a 4th order spline interpolation.
Lennard-Jones (LJ) forces were truncated with a cutoff distance of 12 A with smoothing
performed using a force switching function [13] starting at 10 A. Production MD
simulations were performed in the NPT (1 atm, 298K) ensemble for 30ns, with time
frames saved every 1 ps for analysis. Simulations in the presence of the 2.3.2 were
performed following the same protocol where orientation 1 of the inhibitor along with the
remainder of the crystal structure was used to initiate the simulation, with the inhibitor

being modeled using the CHARMM General Force Field [14].

In addition, Site Identification by Ligand Competitive Saturation (SILCS) simulations
[15] for the FRS (site 5) of ERK2 were performed using the unphosphorylated ERK2
structure to obtain additional conformations. A box containing an aqueous solution of
benzene and propane was prepared by placing TIP3P water [9] on a 105 A cubic grid
with 3 A spacing, and replacing TIP3P with propane and benzene molecules on every
third grid point, from which either propane or benzene were randomly deleted, yielding
ten distinct solutions of TIP3P, ~1 M propane, and ~1 M benzene. Ten ERK2-solution
systems were generated by overlaying the structure of unphosphorylated ERK2 with the
ten boxes of aqueous propane-benzene solution, removing overlapping propane, benzene,
and water molecules with a non-hydrogen atom within 2 A from protein non-hydrogen
atoms, and replacing three randomly selected water molecules with sodium ions to

neutralize the system. The final systems were 88x63x63 A rectangular boxes to

134



accommodate the protein, which has maximum dimensions of 77x51x46 A,
Minimization was then performed for 500 steepest descent steps [16] with all protein
atoms harmonically restrained with a force constant of 1 kcal/molA? followed by heating
to 298K at a rate of 25K/ps and equilibration in the NPT ensemble (1atm, 298K) [10] for
20 ps with a 2 fs integration timestep using the SHAKE algorithm [11] to constrain
covalent bonds to hydrogen atoms. In the production phase, much weaker harmonic
positional restraints were applied only on Ca atoms with a force constant of 0.01
kcal/molA? to prevent rotation of the protein in the primary simulation box. Production
MD simulations were performed in the NPT ensemble (1 atm, 298K) for 20ns, yielding a
total of 200 ns of simulation time with time frames saved every 2 ps. Electrostatic forces
were calculated using PME [12] with a real space cutoff of 8 A with a kappa value of
0.32 At and a 6th order spline interpolation. LJ forces were truncated with a cutoff
distance of 8 A with smoothing performed using a force switching function [13] starting

at5 A.

Selection of conformationally diverse structures. To identify unique conformations of
ERK?2 for the identification of putative binding sites on the docking domain,
conformations from the 30ns MD simulations of phosphorylated and unphosphorylated
ERK2 were subjected to Cartesian clustering. Clustering was based on the root-mean-
square differences (RMSD) [17] of all non-hydrogen atoms, yielding 10 and 9 distinct
clusters for phosphorylated and unphosphorylated ERK2, respectively, using a RMS

clustering radius of 0.5 A. Representative conformations were selected from each cluster.
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These conformations as well as the X-ray crystallographic structures of phosphorylated
and unphosphorylated ERK2 yielded 21 conformations that were initially used to identify
putative docking domain binding pockets. Of the selected conformations eight
conformations with maximal RMSD with respect to each other (four from
phosphorylated and unphosphorylated ERK?2) were used for the primary database screens
with all conformations used for the secondary screen.

In the case of the FRS/site 5, clustering was performed based on the spatial position of
non-hydrogen atoms defining that site (Leu198, His230, Tyr231, Leu232, Leu235, and
Tyr261). RMSD based clustering, using the neural network based ART-2 algorithm [18,
19], showed the presence of 6, 5 and 6 clusters from the phosphorylated ERK2 and
unphosphorylated ERK2 MD simulations and the SILCS simulations based on RMS radii
of 0.8A, 0.96A, and 0.8A, respectively. Representative structures were taken from each
cluster, yielding a total of 18 conformations to be used for additional binding site analysis
focused on site 5 and database screening. For primary screening the nine most diverse
conformations, based on RMS differences, were selected individually from the
phosphorylated and unphosphorylated ERK2 MD simulations and the SILCS simulations

with all 18 conformations used for secondary screening.

Identification of putative binding sites. Putative binding sites were identified using the
binding response method [20]. To prepare the structures for binding pocket identification
as well as docking, AMBER99 atomic partial charges were assigned using the program

Molecular Operating Environment (MOE) (Chemical Computing Group Inc.). Initial
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identification of the binding sites was based on sphere sets obtained with the program
SPHGEN within the DOCK package. For SPHGEN the solvent accessible surface [21]
was calculated with the program DMS [22] using surface density of 2.76 vertex points
per A% and a probe radius of 1.4 A. These sphere sets were subsequently used for
database screening. A set of 1000 structurally diverse test compounds were then docked
into each putative binding site (see following section) using DOCK4 [23]. The docked
ligands were then used to calculate the binding response (BR) score, which is based on a

combination of energetic and geometric criteria [20].

In silico database screening. A virtual database of more than 1.5 million low-molecular
weight commercially available compounds was used for the virtual screening. The
database has been created in our laboratory by converting files obtained from the vendors
in the 2D SDF format to the 3D MOL2 format through a procedure that included addition
of hydrogen, assignment of protonation state, geometry optimization with MMFF94 force
field [24, 25] using the programs MOE (Chemical Computing Group Inc.), and
assignment of atomic partial charges based on CM2 charge model [26] at the semi-
empirical quantum chemical AM1 level using the program AMSOL [27]. The
compounds that were screened had 10 or fewer rotatable bonds and between 10 and 40

heavy atoms.

Database screening was performed using an in-house modified MPI version of the

program DOCKA4 [23]. During docking the protein structure was fixed with ligand
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flexibility treated using the anchored search method [28], with selected conformations
eliminated based on energetic criteria, ensuring conformational diversity and
energetically favorable conformations [29, 30]. Energy minimization was performed after
building the entire molecule, with the ligand orientation with the most favorable
interaction energy for all the protein conformations selected for each molecule. The
GRID method [31] implemented in DOCK was used to approximate the ligand-protein
interaction energies during ligand placement as a sum of electrostatics and vdW energy
components. The GRID box dimensions were 35.7 A x 35. 9A x 35.7 A, centered on the

sphere set to ensure that docked molecules were within the grid.

Scoring of compounds from the primary docking was performed using the vdW attractive
interaction energy (IE) to evaluate the shape complementarity between ligands and the
protein binding sites. Due to the contribution of the molecular size to the energy score,
compound selection favoring higher molecular weight (MW) compounds [32], the vdW
attractive IE was normalized based on the number of non-hydrogen atoms N raised to a
power X (Supplemental Fig. S1). Normalization based on vdW attractive IE was
performed with x = m/12, where m ranges from 0 to 12. The selected value of x for each
screen was that corresponding to a median MW of the selected compounds closest to 300

daltons.

The top 50,000 compounds obtained from the primary database screen were subjected to

a more rigorous and computationally demanding docking procedure, referred to as
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secondary docking. The procedure described for primary docking was followed with the
additional step of simultaneous energy minimization of all rotatable bonds that connect
anchor fragments during the stepwise building of the molecule. Receptor flexibility was
taken into account by using all representative conformations of ERK2 obtained from the
MD simulations. Each compound was docked individually to each conformation, from
which one with the most favorable total interaction energy was chosen as the energy
score of the compound. The total ligand-receptor IEs were then normalized and used to
select the top 1000 compounds for each site. In the case of the FRS/5 site, compound
scoring based on the normalized IE yielded a large number of charged compounds.
Accordingly, the normalized vdW attractive energy was used for compound scoring and

selection.

Final selection of compounds for experimental assay involved maximizing chemical and
structural diversity of the compounds as well as considering their physicochemical
properties with respect to bioavailability. The top 1,000 compounds identified in
secondary database screening were subjected to chemical clustering. The Jarvis-Patrick
algorithm [33] implemented in MOE (Chemical Computing Group Inc.) was used to
identify dissimilar clusters of compounds using the BIT-packed version of MACCS
structural key (BIT-MACCS) fingerprints with the Tanimoto coefficient (TC) as the
similarity index [34] as previously described [35, 36]. Compounds for experimental assay
were then manually selected from the clusters, with priority given to those compounds

with drug-like properties with respect to bioavailability criteria as defined by Lipinski’s
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rule of 5 [37]. It should be noted that a significant number of clusters only contained a
single compound and only a small number of those compounds were selected for
biological assays. Each search resulted in approximately 150 compounds selected for
each site of which a subset was obtained for experimental assay. The purity of

compounds shown to have biological activity was verified by mass spectrometry.

SILCS simulations to identify modifications of 2.3.2 with improved activity
involved benzene and propane in aqueous solution [15], initiated from the holo
conformation of ERK2 in complex with 2.3.2 obtained in the present study, with the
ligand removed. Ten SILCS trajectories of 10 ns, initiated with different solvent box
configurations overlaid on the protein, resulted in a cumulative sampling of 100ns. The
3D probabilities of benzene and propane carbon atoms and water hydrogen and oxygen
atoms were normalized with respect to the respective probabilities in solution and
Boltzmann transformed to yield FragMaps in the grid free energy (GFE) representation,
allowing for the calculation of ligand GFE (LGFE) values for the ligands [38]. In order to
obtain an estimate of the relative binding LGFE of modifications of 2.3.2, the following
procedure was adopted. Starting from the ERK2-2.3.2 complex crystal conformation,
using 2.3.2 orientation A, the structure was minimized with restraints on protein Co.
atoms to remove bad contacts, using the steepest descent (SD) algorithm in CHARMM
[5]. Discovery Studio (Accelrys) was used to generate the structures of the analogs using
2.3.2 as the parent scaffold. The automated CGenFF program [39, 40] was used to

generate the topology and parameters for the molecules in the context of the CHARMM

140



General Force Field [14]. To obtain the conformation of the analogs in complex with
ERKZ2, each ligand was docked to the site by overlaying atoms common with 2.3.2 and
was subject to 500 steps of SD minimization using CHARMM. To calculate the LGFE
values each classified ligand atom was assigned a GFE value based on their 3D
coordinates in the minimized conformation and their chemical type, which defines each
atom as being in one of the four FragMap types. Only aromatic/aliphatic atoms closer
than 5A and hydrogen bond donor/accepter atoms closer than 2.5 A to any protein atom
in the minimized ligand conformation were used in the scoring scheme so as to capture
direct interaction with the protein. The LGFE value for each ligand was the sum of GFEs
over all classified atoms in each ligand. The relative LGFE values, ALGFE, of the
analogs and 2.3.2 is thus expected to be indicative of their relative binding free energy

with respect to the parent compound [38].

Al.2: Supplementary Results

Selection of ERK2 docking sites. Putative inhibitor binding sites on the docking domain
were identified using standard MD simulations of phosphorylated and unphosphorylated
ERK2 and SILCS simulations, which includes propane and benzene along with water to
facilitate the identification of concealed binding sites [41], to generate multiple
conformations of ERK2. Clustering based on atomic spatial positions of the protein
conformations generated in the simulations was performed to obtain multiple diverse
conformations of the protein for both binding site identification and docking. Putative

low molecular weight inhibitor binding sites were identified using the binding response
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(BR) algorithm [20]. Presented in supplementary Table A1.2 are all sites identified at
least once on both phosphorylated and unphosphorylated ERK2 for sites 2-4, along with
the times each site was identified and the average BR score. Supplementary data in Table

Al.3 presents the BR scores for the FRS analysis.

The active conformation of ERK2 showing residues identifying the 2, 3, 4, DRS and FRS
sites, activation lip residues, and the ATP binding site is presented in Supplementary
Figure Al.1. The putative binding sites span a large portion of the C-terminal domain of
ERKZ2, consistent with the range of residues indicated to be involved in ERK2-substrate
proteins via mutational analysis (Supplementary Table A1.1). Notable is the use of
multiple conformations of ERK2 to identify the binding pockets and for use in screening
(see below), thereby partially including protein flexibility in binding site identification
and database screening [42]. Accounting for protein flexibility is important when
identifying inhibitors of protein-protein interactions as inhibitor-binding sites may not be
present in the crystal structure but may occur during normal conformational fluctuations
of the protein as sampled in the MD simulations. In the case of the FRS, the SILCS
simulations facilitated sampling of conformations [41] allowing for putative binding sites

in that region to be identified.

142



Table Al.1 Residues on the ERK2 C-terminal domain known to impact substrate

interactions. The residues are partitioned into the 5 individual sites considered in the

present study.

Binding Site Residues

1) Common docking (CD)/ED or D-recruitment site (DRS); Thr157, Thr158, Asp316,
Asp3192

2) Leul14, Ser151, Trp190, Tyr191, Glu218, Asn222, Pro224°

3) Ser221, Arg223, His237, Arg275°

4) Ser244, Leu265, Pro266°

5) F-recruitment site (FRS) Leu198, His230, Tyr231, Leu232, Leu235, Tyr261¢

4references [47, 48]
breference [49]
‘reference [50]
dreferences [50, 51]
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Table A1.2 Binding sites found in common to both 1ERK and 2ERK in at least one of
their conformations tested. The average Binding Response (Avg. BR) score and the
residues that form the sites are given. The maximum possible BR score is 1.0 and # of

hits indicates the number of times each site was identified of the number of

conformational analyzed.

Site# ID#  Structure Residues #of hits Avg. BR
2 A 1ERK GLU 69, HIS 145, ASP 165 8/10 0.95
B 1ERK TYR 191, SER 151, GLU 218 10/10 0.89
C 1ERK ASP 104, MET 106, ASP 109 10/10 0.96
3 D 1ERK SER 221, ARG 223 7/10 0.92
E 1ERK ILE 82, LEU 161 6/10 0.95
F 1ERK LEU 119, MET 219, LEU 220 8/10 0.95
G 1ERK SER 120, ASN 156 1/10 0.93
4 H 1ERK SER 244, LEU 265, PRO 266 7/10 0.91
I 1ERK GLY 243, LYS 270, ASP 289 7/10 0.95
2 A 2ERK GLU 69, HIS 145, ASP 165 8/11 0.96
B 2ERK TYR 191, SER 151, GLU 218 10/11 0.90
C 2ERK ASP 104, MET 106, ASP 109 9/11 0.97
3 D 2ERK SER 221, ARG 223 10/11 0.93
E 2ERK ILE 82, LEU 161 6/11 0.92
F 2ERK LEU 119, MET 219, LEU 220 3/11 0.81
G 2ERK SER 120, ASN 156 6/11 0.93
4 H 2ERK SER 244, LEU 265, PRO 266 7/11 0.93
I 2ERK GLY 243, LYS 270, ASP 289 9/11 0.94
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Table A1.3 Binding sites found in the FRS docking site identified by the Binding

Response (BR) calculation. Residues defining the sites are presented along with the BR

score. The maximum possible BR score is 1.0.

Structures ID#  Residues BR score
1ERK cl L182, T183, E184, 1196, M197, H230, Y231, L232 0.88
1ERK c3 L182, E184, Y231, L232 0.95
1ERK c4 L182, T183, E184, 1196, M197, Y231, L232 0.85
1ERK cS H230, L232, D233, N236, Y261, L265 0.83
1ERK c6 L182, T183, E184, H230, Y231, L232 0.78
2ERK cl L198, Y231, L232, L235, N255, K257, A258, Y261  0.95
2ERK c2 M197, L198, S200, Y231, L232, L235, A258 0.94
2ERK c3 K257, Y261 0.84
2ERK c4 M197, L198, Y231, L232, L235, Y261 0.87
2ERK cS 1196, N199, S200, K201 0.89
2ERK c6 M197, L198, N199, S200, Y231, L235 0.74
SILCS cl H230, L232, D233, L235, N236, Y261, L265, P266  0.72
SILCS c2 H230, L232, D233, N236, L265, P266 0.84
SILCS c3 K229, L232, D233, N236 0.86
SILCS c4 H230, L232, D233, L235, N236, L239, Y261, L265 0.78
SILCS cS K229, L232, D233 0.91
SILCS c/ L182, M197, L198, L235 0.86
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Figure ALl.1 Image of known and putative substrate binding sites on ERK2.

Residues for the different sites (Table Al.1) are shown in 1) red licorice for the DRS (site 1), 2) blue VDW
for site 2, 3) orange VDW for site 3, 4) yellow VDW for site 4 and 5) olive VDW for the FRS (site 5).
Thr183 and Tyr185 in the activation loop (center-right) and Lys52 to indicate the ATP binding site are
shown in licorice with atom-based coloring. The shown residues are those identified in mutagenesis studies
as being involved in substrate interactions (Table Al.1). Molecular representations were created using
VMD [52]. (Based on PDB structure, 2ERK)
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Database screening. Primary database screening targeted 8 conformations for putative
docking sites 2, 3 and 4, while 9 conformations were used for the FRS screen
(Supplementary Tables A1.2 and A1.3). Each ligand was individually docked against
each conformation based on the total interaction energy, with scoring based on the most
favorable normalized vdW attractive energy among all the protein conformations. Use of
the vdW attractive energy eliminates compounds with favorable interaction energies
dominated by electrostatic interactions but lacking sufficient steric complementarity with
the protein [43]. Normalization accounts for the upshift in the molecular weight (MW) of
selected compounds when scoring is based on interaction energies [32]. Normalization
factors (Supplementary Table Al.4) were selected to yield a median MW of the selected
compounds closest to a target MW of 300 Da. The normalization factors are summarized
in Supplementary Table Al.4 along with details of the normalization for the FRS
(Supplementary Fig. Al1.2). The selection of low MW lead compounds is advantageous
as such compounds should have improved bioavailability [37, 44] and will allow the
introduction of functional groups to enhance biological activity during future
optimization [45, 46]. From this procedure, the top 50,000 compounds were selected for

each site and used in secondary screening.

Secondary screening involved more rigorous ligand optimization during docking and
additional protein conformations were included to better account for protein flexibility.
Each compound was again docked individually against each protein conformation with

the most favorable energy over all the conformations taken as the score for each
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compound. Scoring was based on the normalized total ligand-protein interaction energies
(Supplementary Table Al1.4). With the FRS, a large number of compounds with
negatively charged groups were present in the top 1,000 compounds selected based on the
normalized total interaction energy. Thus, the normalized vdW attractive energy was
used for scoring; details of the normalization for the FRS are presented in Supplementary

Figure Al1.2. For each site the top 1000 compounds were selected.

Table Al1.4 Types of normalized energies and normalization factors used in two levels of
database screening. VAWAE is the vdW attractive interaction energy and IE is the total
interaction energy between ligand and protein, and N is number of non-hydrogen atoms
in each ligand. Normalization factors used are shown in parentheses, and selected to have
median MW closest to the target MW of 300 Da. In the case of sites 2, 3 and 4, the
normalization was performed independently for the phosphorylated and

unphosphorylated forms of ERK2.

Target site Primary screening  Secondary screening

Site2 (phosphorylated) VvAWAE/N"(1/2) IE/NA(3/5)
Site2 (unphosphorylated) vdWAE/N"(3/5) IE/NA(3/5)
Site3 (phosphorylated) vdWAE/N”(2/5) IE/NA(3/5)
Site3 (unphosphorylated) VvdWAE/N"(1/2) IE/NA(3/5)
Site4 (phosphorylated) vdWAE/N”(3/5) IE/N~(2/3)
Site4 (unphosphorylated) vdWAE/N"(3/5) IE/N~(2/3)

Site 5/FRS VAWAE/NA(5/12)  vAWAE/NA(5/12)
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Figure Al.2 Probability distributions of molecular weight of top scoring compounds obtained by each
normalization scheme for the FRS.

(a) Distributions of the top 50,000 compounds after primary database screening. (b) Distribution of the top
1,000 compounds after secondary database screening. Histograms were created based on the normalized
vdW attractive interaction energy IEnorm, calculated by IE/N*, where N is the number of non-hydrogen
atoms in each ligand, and x is the exponent of N ranging from O (unnormalized) to 1 as shown in equation

1. Bin size of 50 was used.

Details of the normalization procedure shown in Supplementary Figure Al.2 for the FRS
are as follows. In equation 1, x=0, 0.25, 0.33, 0.42, 0.5, and 1 were used for
normalization, and MW distributions of the top 50,000 compounds for each x were
analyzed (Fig. Al.2a). The histograms show the unnormalized distribution (x=0) to have
a median MW of 404 Da, with approximately 13% of the top 50,000 compounds above
500 Da. The manner in which the MW distribution is downshifted by the normalization
procedure is evident in Figure Al.2a. Since most druglike compounds have MW below
500 Da [37, 44], the present study targeted a median MW of 300 Da, yielding the median

MWs of 336 (x=0.25), 315 (x=0.33), 297 (x=0.42), 282 (x=0.5), and 239 (x=1) for the
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top 50,000 compounds. The factor of x=0.42 was chosen to select the 50,000 compounds.
Figure Al.2a shows that larger power of N shifts MW distribution toward lower MW.
Significant overlaps were observed between top 50,000 compounds selected using
different normalization scheme. Among the top 50,000 compounds selected at x=0.42,
57% were common in x=0, 83% in x=0.25, 92% in x=0.33, 93% in x=0.5, and 67% in
x=1. Thus, compounds having highly favorable interaction with protein binding pocket
were not excluded during this normalization process.

The impact of the normalization factor on the distributions of the MWs of the
selected compounds for the FRS secondary screen is shown in Supplementary Figure
Al.2b. For the secondary search the impact of normalization is larger than that in the
primary search, which may be associated with additional optimization leading to more
favorable vdW attractive energies on a per non-hydrogen atom basis. Significant overlap
occurred between the top 1,000 compounds selected using different normalization
factors. Among the top 1,000 compounds selected at x=0.42, 37% were common in x=0,
68% in x=0.25, 85% in x=0.33, 85% in x=0.5, and 43% in x=1. Thus, compounds having
highly favorable interactions with protein binding pocket were again not excluded during

the normalization process.
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Figure AL1.3 Crystal structure of the ERK2-2.3.2 complex.

(a) Overall structure of the ERK2-2.3.2 complex including 2.3.2 (red spheres), FRS residues (yellow sticks,
Table Al.1), Thrl83 and Tyr185 (cyan ball-and-stick), Lys52 indicating the ATP binding site (cyan
spheres) and residues defining the DRS (red sticks, Table 1). (b) The cavity (green) on the surface of C-
terminal domain of ERK2 with two conformers of 2.3.2 (2F,-F¢) map contoured at 1c is shown. (¢) C-
terminal region of ERK2 showing the two conformers of 2.3.2 (red spheres), FRS residues (yellow sticks,
Table 1), Thr183 and Tyr185 (cyan ball-and-stick) and one of the sphere sets (transparent red spheres)
defining the putative FRS binding pocket targets in the database screening. (d) Comparison of crystal
structures of inactive ERK2 (blue), activated ERK2 (red) and 2.3.2-bound ERK2 (green). Region shown is
of the activation lip in cartoon representation. Molecular representations were rendered in PyMOL

(www.pymol.org) or VMD [52].

The putative 2.3.2 binding site is formed by the following 16 residues, as determined by
those with one or more atoms within 4 A of ligand in 2.3.2-ERK2 crystal structure:
His178, Thrl179, Gly180, Phel81, Leul82, 11e196, Met197, Leul198, Asn199, Ser200,
Tyr203, Tyr231, Asn255, Lys257, Ala258, and Tyr261, 11 of which were also identified
by the CADD binding site prediction (Supplementary Table A1.3). Consistent with this,

2.3.2 has significant overlap with the putative binding site identified for the FRS based on
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the BR analysis (Fig. A1.3c); the sphere set shown in Fig. A1.3 corresponds to set c1 on
2ERK (Supplementary Table A1.3). However, it should be noted that 2.3.2 was predicted
to bind to site 2 in the database screen, indicating the fortuitous nature of the discovery of
this inhibitor. While efforts were made to generate a range of protein conformations for
screening, the local conformational change occurring upon binding of 2.3.2 was not
sampled in the MD simulations such that the binding of 2.3.2 to its actual binding site
was not observed. Thus, while the docking studies predicted 2.3.2 to interact in the region
of site 2, the experimental studies showed it to bind the FRS, thereby supporting its
ability to inhibit substrates containing the F-sites. Binding of 2.3.2 to ERK?2 leads to
significant changes in the conformation of the activation loop, although the overall
structure of the protein is not significantly altered. Based on the estimated overall
coordinate uncertainty in these crystal structures (Cruickshank DPI [53]), the activation
loop residues are expected to exhibit shifts in atomic positions that are ~0.4 A. As
indicated by percentile-based spread (p.b.s. [54]). However, larger differences (0.95 A)
are observed between backbone atoms of active and inactive ERK2 (PDB entries 2ERK
and 1ERK, respectively). Based on p.b.s., it appears as if the ERK2-2.3.2 complex is
somewhat closer to both inactive (0.64 A) and active ERK2 (0.67 A). Inspection of the
structural differences for individual residues reveals that most of the structural shifts are
within expected range (Supplementary Fig. A1.3), while larger changes are observed for
four stretches of the sequence that form a continuous epitope surrounding and including
the activation loop. Supplementary Figure A1.3d shows the superposition of the three

structures and highlights the conformational change. The 2.3.2 binding site in inactive
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ERK2 is occupied by Phel181/Leul82; curiously, these residues shift away upon ERK2
activation as well, opening up the binding site. While conformations of the activation
loop and surrounding region of the protein surface in active and 2.3.2-bound ERK2 are
not exactly identical, there are significant general similarities in the conformational
change upon 2.3.2 binding and upon activation. This suggests that the ligand may bind to

the activated ERKZ2 in a similar but not identical fashion.
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Table A1.5 X-ray crystallography data collection statistics and final model quality.
Values in parenthesis are for the highest resolution shell. The coordinates have been
deposited into the Protein Data Bank (PDB ID: 3QY).

Data collection

Wavelength 0.979
Space group P21212;
Unit-cell a(A), b(A), c(A) 45.29, 65.80, 117.34
Resolution range (A) 60.0-2.18 (2.24-2.18)
Redundancy 11.9 (9.7)
No. of unique reflections 18,620 (1,819)
Rmerge (%) 11.7
Completeness (%) 99.8 (99.6)
<l/o1> 10.4 (1.4)
Solvent content (%) 45.8
Protein molecules per a.s.u. 1
Refinement statistics
Resolution range 60.0-2.18
No. of reflections 17,545
Rwork/ Riree (%) 21.4/ 28.1
No. of protein atoms 2820
No. of waters 46
No. of PEG atoms 13
No. of 2.3.2. atoms 17
Average B factors, A
Protein 35.3
Water 34.2
PEG 55.5
2.3.2. 76.1
Ramachandran statistics
Favored (%) 93.6
Outliers (%) 1.5
RMSD from Ideality
Bond lengths (A) 0.018
Bond angles (deg.) 1.75
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