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Excessive activation of the Raf/MEK/ERK pathway participates in the pathogenesis of numerous
human tumors. In this pathway, extracellular signal regulated kinase 1/2 (ERK1/2) occupy a unique
position on which signals from various membrane receptors converge. Therefore, ERK1/2 have been
appealing targets for the development of anticancer drugs. In the recent years, careful examination of
ATP binding site of protein kinases coupled with structure-based drug design methods has largely
facilitated development of specific protein kinase inhibitors. The crystal structures of ERK2 with ATP
complex refined to 2.3 Å have been reported previously. However, the details of interactions between
ERK2 and ATP binding pocket were not certain because of low resolution. We have obtained high
resolution crystals and refined the structures of the apoenzyme, ATP-bound ERK2, ADP-bound ERK2
to 1.8, 1.7 and 1.8 Å respectively. We then described the identification of a novel lead compound with
a thienyl benzenesulfonate scaffold that targets the F-domain Recruitment site (FRS) of ERK1/2. Our
crystal structure data suggested that this compound interacted with ERK2 in the vicinity of the FRS.
Biological analyses further showed that this compound, along with a few structurally similar analogs
derived from computational methods based on information provided by the crystal structure,
preferentially inhibited F-site containing substrates that form the activator protein-1 (AP-1) transcription

factor complex including c-Fos, Fra1, and FosB. Cell viability analysis revealed that melanoma cell
lines that harbor constitutively activated ERK1/2 driven by activating B-Raf mutants were more
sensitive to growth inhibition by these compounds. Lastly, we discovered a novel mechanism by which
ERK1/2 activation regulates the phosphorylation of protein kinase C (PKC) isoforms PKCβII/δ. Our
studies demonstrated that growth factor mediated ERK1/2 activation regulated PKCβII/δ activity as
inhibition of ERK1/2 affected PKC substrate phosphorylation. Moreover, we provide evidence that
inhibition of ERK1/2 reduced cell migration through a mechanism involving regulation of PKCβII.
Thus, these data indicate that ERK1/2 proteins act as upstream regulators of PKC proteins and that
inhibition of this regulation may have utility in preventing cancer cell migration and metastasis.
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Chapter 1
Background: The Ras/Raf/MEK/ERK Signaling Pathway and Development of ERK Inhibitors
Targeting Substrate Recruitment

1.1 The discovery of Extracellular Signal-Regulated Kinases
The discovery of ERK can be traced back to the early 1980s. During the early and middle 1980s,
by using a method combining radioactive inorganic phosphate (32Pi) labeling of cellular proteins and
two dimensional gel electrophoresis, numerous studies reported that a cellular protein with an apparent
molecular mass around 42 kDa and a pI of 6.8 was phosphorylated in response to a number of diverse
mitogens including epidermal growth factor (EGF) [1], phorbol 12-myristate 13-acetate [PMA; also
called TPA (12-O-tetradecanoylphorbol-13-acetate)], platelet-derived growth factor (PDGF), insulinlike growth factor II (IGF) and thrombin [2-7]. Phosphorylation of this protein was also found in
oncogenically transformed cells [8-10].

In 1987, the Sturgill group reported that a kinase activity toward purified microtubule-associated
protein 2 (MAP-2) was rapidly stimulated by insulin in 3T3-L1 adipocytes.

In their studies,

phosphoamino acid analysis of phosphorylated MAP-2 further revealed that this kinase phosphorylated
MAP-2 at serine and threonine residues [11]. In a follow-up report, they described the chromatographic
purification of this kinase from cell extracts and the biochemical characterization of this enzyme [12].
1

Almost at the same time, they reported that this kinase was phosphorylated on tyrosine and threonine in
vivo [13] and that this kinase could also phosphorylate ribosomal protein S6 kinase II [14], which was
renamed RSK2 later. In a study published in 1989, they compared their purified kinase, which catalyzed
phosphorylation of MAP-2 and S6 kinase II, with a 42 kDa protein that had been previously reported to
be phosphorylated upon various mitogen stimuli. By showing that the two proteins co-migrated on two
dimensional gels and co-purified during sequential chromatography on anion exchange, hydrophobic
interaction and gel filtration columns, they convincingly proved that the two proteins were actually
identical. Based on the substrate specificity that it phosphorylated MAP-2 and the fact that it was a
mitogen-activated kinase, this kinase was named MAP kinase (MAPK) [15].

In 1990, Boulton et al. purified the then-called MAP kinase and obtained its peptide sequence [16]
[17]. Based on the peptide sequence they designed degenerate oligos and amplified a 360 base pair
fragment of the MAPK gene by polymerase chain reactions (PCR). Using this fragment as the probe,
they screened a rat brain cDNA library and obtained full length cDNAs encoding 3 different isoforms
of MAPK. Based on their mode of regulation, they designated these proteins extracellular signalregulated kinase (ERK) 1, 2 and 3 respectively. Their sequence alignment revealed that ERK1 and
ERK2 shared 83% amino acid identity.

2

Alternatively spliced isoforms were later described for ERK1 (ERK1b and ERK1c) [18, 19] and
ERK2 (ERK2b) [20]. ERK4 cDNA was isolated by using a method similar to the one by which
ERK1/2/3 isoforms were identified [20]. ERK3 and ERK4 have very similar protein structure, and their
kinase domains display 73% homology [21]. ERK5 was identified independently by two different
groups using different approaches in 1995 [22, 23] and three alternatively spliced forms of ERK5 were
isolated 6 years later [24]. ERK7 was cloned in 1999 by PCR amplification from a rat cDNA library
using degenerative primers derived from the kinase domain sequence of ERK1 [25]. The human
ortholog of ERK7, ERK8, was identified later by using a probe derived from the sequence of ERK7
[26].

1.2 The Raf/MEK/ERK Signaling Cascade
The mitogen-activated protein kinases (MAPKs) are Ser/Thr specific protein kinases that convert
extracellular stimuli into a wide range of cellular responses. In mammals, 15 MAPKs have been
identified and are classified into 7 groups. The conventional MAPKs are comprised of ERK1/2, c-Jun
amino (N)-terminal kinases 1/2/3 (JNK1/2/3), p38 isoforms (α, β, γ, δ), and ERK5 [27-29]. Atypical
MAPKs consist of ERK3/4, ERK7/8 and the Nemo-like kinase (NLK) [26]. By far the most extensively
studied MAPKs include ERK1/2, JNK and p38 isoforms.
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The conventional MAPKs are activated by two evolutionarily conserved, sequentially activating
kinases:

a MAPKK kinase (MAPKKK), which is a Ser/Thr

kinase, is activated through

phosphorylation and/or as a result of its interaction with a small GTP-binding protein of the Ras/Rho
family in response to extracellular stimuli. The activated MAPKKK phosphorylates and activates a
MAPK kinase (MAPKK), which in turn phosphorylates a MAPK on Thr and Tyr within a conserved
Thr-X-Tyr motif located in the activation loop resulting in activation of the MAPK. As such, each group
of MAPKs and their upstream activators MAPKKs and MAPKKKs comprise a three-tiered MAPK
module or MAPK cascade [30].

RAF isoforms RAF-1(c-Raf), A-Raf, and B-Raf are the primary MAPKKKs in the ERK1/2 module.
The protein kinase activity of RAFs is activated by Ras proteins (H-Ras, N-Ras, and K-Ras), founding
members of a superfamily of small GTPases with about 150 members in human [31], which function as
the signaling hubs that receive extracellular signals from membrane receptors including receptor
tyrosine kinases (RTKs) and G protein-coupled receptors (GPCRs).

The mechanisms of receptor tyrosine kinase mediated activation of Ras are well characterized [32]
(Figure 1.1). Ligand binding to RTKs induces the dimerization of the receptors and autophosphorylation
of specific tyrosine residues in the C-terminal cytoplasmic region, creating binding sites for adaptor
proteins such as growth factor receptor-bound protein 2 (GRB2), that recruit Ras guanine nucleotide
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exchange factors (RasGEFs) including Son of Sevenless (SOS), which in turn promote the replacement
of the GDP on membrane-bound Ras to GTP [33]. In the GTP-bound conformation, Ras binds to Raf
and facilitates activation of the Ser/Thr kinase activity of RAF isoforms [34].

GPCR receptors activate ERK through heterotrimeric G proteins and β-arrestins [35] (Figure 1.2).
The heterotrimeric G proteins are made up of three subunits, α, β, and γ [36]. Upon activation, GPCR
receptors modulate ERK activity via the α subunit of each of the four families of heterotrimeric G
proteins, Gαi/o, Gαs, Gαq/11, Gα12/13, the tightly associated βγ complex and β-arrestins by a number of
mechanisms. Gαi/o modulates ERK1/2 activity by recruiting Ras-related protein 1 (RAP1) GTPase
activating protein, which in turn suppresses RAP1, a regulator of Raf activation. Gαs promotes cAMPdependent activation of protein kinase A or exchange protein activated by cAMP (EPAC). This in turn
activates RAP1, which activates B-Raf but inhibits C-Raf [37]. Gαq/11 complex stimulates phospholipase
Cβ (PLCβ)-mediated inositol triphosphate (IP3) and diacylglycerol (DAG) generation

and the subsequent activation of downstream effectors such as protein kinase C (PKC) and calmodulin
(CaM), leading to activation of ERK1/2. Gα12/13 also stimulates the generation of DAG via
phospholipase D (PLD) and phospholipase A2 (PLA2) and promote ERK1/2 activation through PKC.
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Figure 1.1. Activation of the Ras/Raf/MEK/ERK pathway by Receptor Tyrosine Kinases. Ligand
binding to RTKs induces the dimerization of the receptors and autophosphorylation of specific tyrosine
residues in the C-terminal cytoplasmic region. Adaptor proteins such as growth factor receptor-bound
protein 2 (GRB2) bind to phosphorylated RTKs and recruit Ras guanine nucleotide exchange factors
(RasGEFs) including Son of Sevenless (SOS). RasGEFs activate Ras by promoting the replacement of
the GDP on membrane-bound Ras to GTP. Activated Ras takes part in the initiation of the activation of
the Raf/MEK/ERK pathway.
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βγ dimers promote ERK1/2 activation by activating PLCβ and phosphatidylinositol-kinase (PI3K). A
number of GPCRs can mediate ERK1/2 activation in a G protein-independent but β-arrestin-dependent
manner. Signaling through this pathway involves receptor recruitment of β-arrestin and direct
interaction of β-arrestin with c-Raf and ERK1/2[38].

Mos and Tumor Progression Locus 2 (Tpl2), which is also named Cancer Osaka Thyroid oncogene
(Cot) or MAP3K8, are additional MAPKKKs which function in a more cell type- and stimulus- specific
manner [39] [40]. Mos was originally identified as the transforming gene of Moloney murine sarcoma
virus [41-43]. The cellular counterparts c-Mos was isolated and showed to possess the same cell
transformation activity later [44, 45]. In 1993, several laboratories discovered that Mos could activate
MAPK by directly phosphorylating MEK1 [46-48]. Two years later, it became clear that Mos
phosphorylated MEK1 on the same amino acids (Ser 217/S221) that had been known to be
phosphorylated by Rafs ([49, 50]. Interestingly, Tpl2 also phosphorylates MEK1 in vitro on these amino
acids [51].

MEK1 and MEK2 are dual specificity protein kinases which serve as the MAPKKs in the ERK1/2
module. Upon activation by Mos or Raf isomers, MEK1/2 phosphorylate ERK1/2 on the Thr and Tyr

within the Thr-Glu-Tyr motif on their activation loops, resulting in dramatic conformational changes,
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Figure 1.2. Activation of the Raf/MEK/MAPK pathway by G protein-coupled receptors. GPCR
receptors activate ERK through heterotrimeric G proteins and β-arrestins. Upon activation, GPCR
receptors modulate ERK activity via the α subunit of each of the four families of heterotrimeric G
proteins, Gαi/o, Gαs, Gαq/11, Gα12/13, the tightly associated βγ complex and β-arrestins by a number
of mechanisms. Gαs activates RAP1 by promoting cAMP-dependent activation of PKA or EPAC. RAP1
activates B-Raf but inhibits C-Raf. Gαq/11 complex stimulates PLCβ-mediated IP3 and DAG
generation and the subsequent activation of downstream effectors such as PKC and calmodulin (CaM),
leading to activation of ERK1/2. Gα12/13 stimulates the generation of DAG via PLD and PLA2 and
promote ERK1/2 activation through PKC. βγ dimers promote ERK1/2 activation by activating PLCβ
and PI3K. β-arrestin that has been recruited on GPCR receptors promotes ERK activation by forming a
complex with c-RAF, MEK1/2 and ERK1/2.
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which enable full activation and interaction of ERK1/2 with their substrates. MEK1/2 phosphorylation
of ERK1/2 elevates the catalytic rate to approximately 5 to 6 orders of magnitude higher than the basal
activity [52]. T-cell-originated protein kinase (TOPK), a newly identified member of the MAPKK
protein family [53], which has been implicated in an ever growing number of cancers, has been
suggested to be able to phosphorylate and activate ERK1/2 [54].
ERK2 has long been reported to autophosphorylate at Tyr 185 [55]. The biological significance of
this autophosphorylation, however, was not appreciated until a recent study revealed that ERK1/2
autophosphorylation plays a critical role in the pathogenesis of cardiac hypertrophy [56].

1.3 The Raf/MEK/ERK Pathway and Cancer
ERK1/2 receive signals from a variety of membrane receptors, among which there are epidermal
growth factor receptor (EGFR) family members EGFR/ERBB1/HER1, ERBB2/HER2, ERBB3/HER3,
and ERBB4/HER4, vascular endothelial growth factor receptor (VEGFR), insulin-like growth factor 1
receptor (IGF1-R), and other RTKs [57] . Excessive production of ligands, amplification and mutation
of membrane receptors and mutation in upstream regulators in the ERK signaling pathway may result
in constitutive ERK1/2 activation, which plays important roles in the initiation, progression and
metastasis of a wide spectrum of human malignancies [57].
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EGFR is overexpressed in a variety of human cancers including lung, head and neck, colon,
pancreas, breast, ovary, bladder and kidney, and gliomas [1, 58]. More than 60% of non-small cell lung
cancers (NSCLCs) show EGFR overexpression [59]. In addition to EGFRs themselves, the EGFR
ligands may also play an important role in lung tumorigenesis. EGF, TGFα, and amphiregulin are
expressed in NSCLCs, and activate EGFR and its downstream signaling pathways by autocrine loops
[16]. A distinct ligand for ERBB3 and ERBB4, neuregulin-1, is overexpressed in NSCLC too [60].
EGFR is mutated in ~10–20% non-small cell lung cancer (NSCLC) in western developed countries and
is associated predominantly with adenocarcinoma histology. The most common activating mutations
(~90%) are in-frame deletions in exon 19 of EGFR and a missense mutation at 858 in exon 21 of EGFR
resulting in an arginine to leucine substitution (Arg858Leu) [61]. Therapeutic agents targeting the EGFR
signaling pathway, including two EGFR kinase inhibitors gefitinib and erlotinib, show clinical
effectiveness in treating lung cancer patients harboring these EGFR activating mutations [62, 63].

VEGF is commonly over-expressed in a variety of human solid tumors [64]. The VEGF ligands
bind to and activate three structurally similar type III receptor tyrosine kinases, designated VEGFR1
(also known as FLT1), VEGFR2 (also known as KDR) and VEGFR3 (also known as FLT4).

Increased expression of IGF-I, IGF-II and IGF-IR have been documented in various malignancies
including glioblastomas, neuroblastomas, meningiomas [65], medulloblastomas [66], carcinomas of
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the breast [67, 68], malignancies of the gastrointestinal tract, such as colorectal and pancreatic
carcinomas, and ovarian cancer [69].

A significant fraction of gastrointestinal stromal tumors (GIST) patients present with activating
mutations of the PDGF α‐receptor [70, 71]. Mutationally activated PDGF β-receptor is involved in some
hematologic malignancies such as chronic myelomonocytic leukemia (CMML) [72, 73]. Amplification
of PDGF α‐receptor also occurs in 5‐25% of glioblastomas [74, 75].

Activating mutations in the RTK c-Kit are the most common genetic alteration in GIST, occurring
in about 85% of the cases [76]. Gain-of-function mutants of c-Kit are also found in mast cell tumor
(>70%), nasal T-cell lymphomas (>17%), seminoma / dysgerminoma (> 9%)[77], and acute myeloid
leukemia (>68%)

Amplification of Ras gene has been implicated in some types of lung cancer [78, 79]. Mutations
encoding constitutively activated Ras protein have been observed in about 20-30% human cancers. The
majority of Ras mutations occur in K-Ras, which is followed by N-Ras. K-Ras gene mutations have
been detected in 80% of pancreatic cancer and 45% of cholangiocarcinoma [80, 81].
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B-Raf mutation occurs in about 7% of all cancers [82-84]. Specifically, B-Raf is frequently mutated
in melanoma (27-70%), papillary thyroid

cancer (36-53%), colorectal cancer (5-22%),

cholangiocarcinoma (22%), ovarian cancer (30%) [84, 85].

1.4 Major ERK1/2 Substrates Involved in Cell Proliferation
To date more than 160 ERK1/2 substrates have been identified. All these substrates can be classified
into different groups including: 1) transcription factors, 2) protein kinases and phosphatases, 3) receptors
and signaling molecules, 4) cytoskeletal and scaffold proteins, and 5) apoptosis-related proteins [86].
Activation of ERK1/2 in cells results in the synthesis of new proteins that enables proper responses to
extracellular stimuli. The first proteins appear within few minutes after cellular stimulations are encoded
by immediate early genes (IEGs). Many extracellular signal-responsive transcription factors regulating
IEG expression are substrates of ERK1/2, such as c-Fos and ELK1.

Activating protein 1 (AP-1) is a dimeric transcription factor comprising proteins mainly from the
Fos family of transcription factors (c-Fos, FosB, Fra-1 and Fra2) and the Jun family members (c-Jun,
JunB and JunD) [87]. Jun family members can form homodimers, but Fos family member have to
hetero-dimerize with Jun partners. Studies have shown that Jun-Fos heterodimers are more stable and
have stronger DNA-binding activity than Jun-Jun homodimers [88, 89]. Jun-Fos heterodimers bind
preferentially to a heptamer consensus sequence known as the TPA responsive element (TRE) (5’12

TGA(C/G)TCA-3’) [90]. ERK1/2 can phosphorylate c-Fos at Thr232, Thr325 and Ser374, their effector
kinases RSK1/2 can phosphorylate c-Fos at Ser362 [91-98]. Phosphorylation of these sites increase the
stability [93, 95, 98, 99] and/or transcriptional activity [96-98] of c-Fos. Fra1 can be phosphorylated by
ERK1/2 at Ser252 and Ser265 [100]. Phosphorylation of these sites not only significantly increases the
half-lives of these proteins, but also increases their transcription activity [91, 101].

ETS-like protein 1 (ELK1) is a transcription factor that belongs to the ternary complex factor (TCF)
subfamily. TCFs are named for their ability to form ternary complexes on target DNA sequence termed
serum response elements (SRE), since TCFs binds to these DNA motifs along with a dimer of a second
transcription factor, serum response factor (SRF). The consensus binding motif of ELK1 has been
determined as AACCGGAAGT [102]. The best characterized ELK-1 target gene is c-fos [103-105].
ELK1 also regulates other IEGs such as junB, erg-1 [106]. A recent systematic search for ELK1 target
genes revealed that, a significant number of them encode transcription factors or even components of
the basal transcriptional machinery, such as the TATA binding protein (TBP) [107]. ELK1 is activated
through phosphorylation by three classes of MAPKs, ERK1/2, JNKs and p38s [108-112]. ERK1/2
responds to growth factors and mitogens, while JNK and p38 respond to cytokines and stress.
Phosphorylation of ELK1 at Ser383 and Ser389 by ERK1/2 is critical for the transcriptional activity of
ELK1, a mutation of Ser383 to Ala evokes a total loss of its transcriptional properties [109, 113].
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Although many of ERK1/2 substrates are localized in the nucleus and are phosphorylated after
nuclear translocation of ERK1/2, other substrates are cytosolic. The 90 kDa ribosomal S6 kinase (RSK)
family of proteins are a group of highly conserved Ser/Thr kinases phosphorylated by ERK1/2 [114].
The RSKs are key components of the ERK1/2 signaling cascade which participate in both nuclear and
cytoplasmic ERK1/2 signaling [14]. ERK1/2 activates RSK1 through phosphorylation of Thr573,
Ser359 and Ser363 [115, 116].

1.5 Specificity Determination of ERK Signaling
ERK1/2 occupy a unique position in cell signaling. They integrate signals from a broad range of
cellular receptors and cross-talking pathways, and distribute the integrated signal to different
downstream effector molecules by phosphorylating and/or interacting with more than 160 other cellular
proteins, regulating a spectrum of different, sometimes even opposing cellular functions such as
proliferation, differentiation, apoptosis, metabolism, immune response, learning and memory, among
others [39]. To conduct these functions properly, the specificity of ERK signaling needs to be precisely
regulated. In the recent years, several mechanisms have been proposed in this regard. These include:
1. Duration and strength of signals; 2. Feedbacks within the ERK1/2 signaling pathway; 3. Signal input
from other signaling pathways; 4. Interaction with scaffold proteins; 5. Subcellular localization of
ERK1/2.
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1.5.1 Duration and strength of signals
The duration of ERK1/2 activation is a critical factor in cell fate decision. The pivotal role ERK1/2
activation duration plays in determining cell fate was exemplified by observance in a series studies
conducted in PC12 cells. Treatment of PC12 cells with nerve growth factor (NGF) induces sustained
ERK1/2 activation, resulting in differentiation into sympathetic-like neurons characterized by neurite
outgrowth. EGF stimulation however, causes transient ERK1/2 activation leading to proliferation in the
same cell line [117, 118]. Further study revealed that sustained activation of ERK1/2 is necessary and
sufficient for strong induction of p35, the neuron-specific activator of cyclin-dependent kinase 5
(CDK5) required for neurite outgrowth, and that the induction of p35 is mediated by transcription factor
early growth response protein 1 (Egr1) [119]. The duration of ERK1/2 activation affects cellular
responses in other cell types too. For example, sustained, but not transient, activation of ERK1/2 is
required for quiescent fibroblasts to re-enter the cell cycle and begin proliferating [120, 121]. Thrombin
or PDGF treatment of quiescent fibroblasts causes sustained ERK1/2 activation leading to G1/S phase
progression. Oppositely, thrombin-mimicking peptide (TMP) or EGF stimulates transient ERK1/2
activation and does not induce G1/S phase entry [98, 122].

The mechanisms by which the duration of signals determines cellular processes are not well
understood yet. However, recent studies have shed lights on how sustained ERK1/2 activation causes
fibroblast proliferation. The immediate early gene product c-Fos functions as a sensor for ERK1/2 signal
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duration. When ERK1/2 activation is transient, c-Fos is not phosphorylated and gets degraded quickly,
since newly synthesized c-Fos has a half-life of about 10 min [123]. When ERK1/2 activation is
sustained however, c-Fos is phosphorylated at Ser374 and Ser362 by ERK1/2 and RSK1, respectively.
Phosphorylation of these sites not only significantly elongates the half-life of c-Fos to at least 2 hrs, but
also exposes a D-site that promotes additional phosphorylation of c-Fos at Thr325 and Thr331 by
ERK1/2, which further enhances the transcriptional activity of c-Fos [98]. Similarly, sustained ERK1/2
signaling significantly extends the expression of other immediate early gene (IEG)-encoded Jun, Myc,
and Egr transcription factors. Again, several of these proteins contain docking site for ERK, the F-site.
Likewise, sustained ERK1/2 signaling regulates the posttranslational modifications of these IEGencoded sensors, resulting in sustained expression of their target genes that are required for the G1/S
transition [124].

The magnitude of ERK1/2 activity is also a determinant of cell fate. Usually activation of ERK1/2
promotes cell cycle progression, but excessive ERK1/2 activation can lead to cell cycle arrest. By using
cells expressing a fusion protein in which Raf is linked to an estrogen receptor(ER), whose activation
level can be controlled at will by the addition of 4-hydroxytamoxifen, several studies have varied the
magnitude of ERK1/2 activity and found that strong activation of ERK1/2 can cause cell cycle arrest,
cell senescence or death [125-129]. Several mechanisms have been implicated in ERK1/2-mediated cell
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cycle arrest, cell senescence and death. These include activation and/or induction of p53, p16 ⁄INK4A,
p21 and p14-p19 ⁄ARF [130].

The dynamic balance between activities of kinases and phosphatases is the major factor in
determining the magnitude and duration of signal transduction. A recent study applying a combined
strategy of experimentation and modeling suggested that kinases control the magnitude of activation
more than the duration, whereas phosphatases tend to control both [131]. ERK1/2 are inactivated by
dephosphorylation of Thr and Tyr in the activation loop [132]. Since phosphorylation of both Tyr and
Thr are required for ERK1/2 activation, removal of a phosphate from either of these residues is sufficient
to inactivate ERK1/2. Therefore, protein Ser/Thr phosphatases, protein Tyr phosphatases and dualspecificity phosphatases (DUSP) all act to inactivate ERK. Although ERK1/2 are dephosphorylated by
broad-specificity phosphatases at early times after being activated, they are more strictly regulated,
especially at later times, by MAPK phosphatases (MKPs), which belong to the DUSP family. These
phosphatases dephosphorylate both threonine and tyrosine residues of their substrates [133]. Although
MKPs share a conserved structure, they have specific properties concerning their substrates and
subcellular localization. The specificity of MKPs is determined by sequences in the N-terminal domain
of MKPs known as the kinase interaction motif (KIM). DUSP1/MKP-1, DUSP2/PAC-1, DUSP4/MKP2 and DUSP5 are inducible nuclear MKPs. They dephosphorylate ERKs, JNKs and p38 MAPKs to the
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same extent. DUSP6/MKP-3, DUSP7/MKP-X, and DUSP9/MKP-4 are cytoplasmic ERK-specific
MKPs [133, 134].

1.5.2 Feedbacks within the ERK1/2 signaling pathway
Feedback mechanisms in the ERK1/2 pathway function to decrease or increase ERK1/2 activity.
ERK1/2 can phosphorylate MEK1 at Thr292 [135] and Thr212 [136]. Phosphorylation of these sites in
turn reduces ERK1/2 activation by preventing further enhancement of MEK1 activity by p21 proteinactivated kinase 1 (PAK1) [137]. It has been reported that, in NIH 3T3 cells upon PDGF stimulation,
activated ERK1/2 can phosphorylate Raf-1 on multiple sites including Ser29, Ser289, Ser296, Ser301,
and Ser642. Hyperphosphorylation of these sites prevents Ras/C-Raf interaction and desensitizes C-Raf
to additional stimuli by promoting C-Raf dephosphorylation by the phosphatase PP2A [138]. MKP-1
is a dual specificity phosphatase that inactivates ERK1/2 by dephosphorylating Thr and Tyr residues in
the activation loop [139]. ERK1/2 phosphorylation of this protein can stabilize it and therefore promote
ERK inactivation [140] [141]. The activation or transcriptional upregulation of phosphatases by ERK1/2
is another negative feedback mechanism. In some cases, there also exist positive feedback loops in the
ERK1/2 pathway. ERK1/2 phosphorylation of C-Raf at Ser289, Ser296 and Ser301 has been reported
to enhance Raf activity in COS-7 cells upon EGF stimulation [142] . DUSP6, another dual specificity
phosphatase for inactivation of ERK1/2 [143], can be phosphorylated by ERK1/2 at two serine residues
(Ser159 and Ser197), which targets DUSP6 for degradation in the proteasome [144].
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1.5.3 Signal input from other signaling pathways
Although the Ras/Raf/MEK/ERK pathway is usually viewed as a linear cascade, several other
signaling pathways can modify the activity of components in different tiers of the cascade, and thus
affect the output of the ERK pathway.

The activation of three Raf isoforms is complex and governed by its phosphorylation at multiple
sites. In quiescent cells, binding of 14-3-3 proteins to C-Raf phosphorylated on Ser259 and Ser621
maintains C-Raf in an autoinhibited conformation [145, 146]. In this conformation, the C-Raf regulatory
domain interacts with and masks the intrinsic activity of the catalytic domain [147]. The key step in
relieving this autoinhibition is the disengagement of 14-3-3 from the Conserved Region 2 (CR2) of CRaf. This step is highly regulated but not completely understood. Interactions of C-Raf with GTP-loaded
Ras, membrane components and molecules such as prohibitin appear to be required for the initial
displacement of 14-3-3 [148, 149]. Activation of A-Raf and C-Raf requires collaboration between Ras
and the tyrosine kinase Src. Src phosphorylates Tyr340 and Tyr341 of C-Raf and Tyr301, Tyr302 of ARaf. B-Raf has aspartates at these corresponding positions (Asp492 and Asp493), which mimic the
constitutively phosphorylated state [150]. Ser338 is conserved in all three Raf proteins (Ser299 in ARaf and Ser445 in B-Raf). C-Raf and A-Raf activation also requires phosphorylation of Ser338 (Ser299
in A-Raf) as a result of Ras activation [151-153] by PAK [154]. Although the position that is equivalent
to Ser338 is conserved in B-Raf, it is constitutively phosphorylated in cells. Therefore, B-Raf has
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strongly elevated basal activity compared to C-Raf and only requires Ras mediated membrane
recruitment for activation [153]. Several other protein kinases have been reported to regulate Raf
activity. For example, protein kinase B (PKB) has been shown to phosphorylate C-Raf at Ser259 and
negatively regulate its activity [155, 156]. AKT or the related serum/glucocorticoid regulated kinase
(SGK) may also inhibit B-Raf activity by phosphorylating it at the equivalent residue Ser364 and Ser428
[157, 158]. Protein kinase A (PKA) inhibits C-Raf activity by phosphorylating it at Ser43 and Ser621
[159-161]. This mechanism of inhibition involves 14-3-3 proteins that can bind to these phosphorylated
serines. Raf kinase inhibitor protein (RKIP) binds to Rafs and inhibits Rafs activation. The RKIP
inhibition may be relieved by various isoforms of PKC that have been shown to phosphorylate RKIP on
Ser153 and cause dissociation of RKIP from Raf [162, 163].

Several signaling pathways modulate ERK1/2 signaling at the level of MEK1/2. The Rac1/CDC42PAK1 cascade plays important roles in regulating cell mobility and morphology. PAK1 can
phosphorylate MEK1 on Ser298 in the focal adhesion complexes [137, 164]. Although this
phosphorylation is not sufficient to induce activation of MEK1, it facilitates association of MEK1 with
C-Raf [164] and ERK1/2 [165] and thus promotes ERK1/2 activation. CDK1 and CDK5 have also been
shown to be able to phosphorylate MEK1 at Thr286 and Thr292. However, unlike the PAK1-dependent
phosphorylation, which activates MEK1, the CDK phosphorylation appears to inhibit MEK1 activity
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[166-168]. 3-phosphoinositide-dependent protein kinase-1 (PDK1), a kinase responsible for
phosphorylating members of the AGC family of protein kinases including AKTs, p70S6K, SGKs,
PKCs, p90 ribosomal protein S6 kinases (RSKs) [169], was shown to activate ERK1/2 signaling by
phosphorylating MEK1 and MEK2 at Ser222 and Ser226 respectively[170].

Additionally, Cdk1 has been shown to inhibit EGF-mediated ERK1/2 activation through direct
interaction and phosphorylation of several ERK1/2 pathway proteins, including the guanine nucleotide
exchange factor SOS-1, and C-Raf kinase [171].

1.5.4 Scaffold proteins
Scaffold proteins play important roles in determining ERK1/2 activity and specificity. Scaffold
proteins bind two or more components of a signaling pathway to bring them into close proximity and
thereby selectively facilitate their functional interaction. Additionally, the abundance of a scaffold
protein can determine the activity of the scaffolded protein by a mechanism called “combinatorial
inhibition” effect [172, 173]. If there is too little scaffold, signaling will be low; at an intermediate
concentration of scaffold, signaling will be high; once the concentration of scaffold exceeds that of the
protein it binds, the signaling begins to decrease. Kinase suppressor of Ras (KSR) is one of the best
understood ERK1/2 scaffolds. KSR binds to Raf [174], MEK1 [175] and ERK2 [176]. KSR expression
is required for optimum ERK1/2 activation. At optimum levels of expression KSR increases ERK1/2
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activity, at expression levels in excess of its cognate ligands, KSR inhibits activation of ERK. MAPK
organizer 1 (Morg-1) is another scaffold protein that binds Rafs, MEK1/2, ERK1/2 and MP-1 in a high
molecular weight complex. It enhances ERK1/2 activation in response to serum, lysophosphatidic acid
(LPA), and Phorbol 12-myristate 13-acetate (PMA), but has no effect on EGF stimulation of ERK1/2
[177]. The Ile-Gln motif containing GTPase activating protein (IQGAP) binds B-Raf, MEK and ERK
and facilitates activation of the Raf/ERK signaling module in response to EGF stimulation [178]. BetaArrestin 1,2 can bind to Raf, MEK and ERK1/2[38, 179] and enhance cytosolic ERK1/2 activity at the
expense of ERK-mediated transcription in the nucleus [180]. MEKK1 can form a complex with Raf-1,
MEK1 and ERK2 and specifically promotes activation of ERK2 [181]. The tyrosyl-phosphorylated
major vault protein (MVP) has been shown to form a complex with SHP-2 and activate ERK1/2, and
facilitate ELK1 activation in response to EGF [182]. A recent study showed that PEA15 could target
ERK1/2 to RSK2 and enhance RSK2 activation by ERK1/2 [183].

1.5.5 Subcellular localization
The localization of ERK1/2 is another important means to control its specificity. ERK1/2 are
distributed throughout the cell. Under resting conditions, ERK1/2 are mostly located in the cytoplasm
due to interactions with anchor/scaffold proteins [184]. Once activated, some of the ERK1/2 rapidly
relocates to the nucleus and other cellular organelles. In fact, a large portion of the ERK1/2 molecules
(50-70%) enter the nucleus within 10-20 min after cellular stimulation, where they regulate gene
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transcription, DNA replication and chromatin organization by phosphorylating multiple nuclear
proteins. However, about a half of the ERK1/2 activity remains in the cytoplasm after stimulation and
many essential cellular processes are dependent on the ERK’s extranuclear activity. Actually, nearly
half of the 160 proteins thus far identified as ERK1/2 substrates, are non-nuclear proteins [185]. Scaffold
and other interacting proteins regulate the organelle targeting of ERK1/2. Examples include MAPK
kinase 1 interacting protein 1 (MP1) that direct ERK1 to endosomes [186], voltage-dependent anion
channel (VDAC) to the mitochondria [187] and Sef1 to the Golgi [188]. ERK enters the nucleus through
the nuclear pore complex (NPC) by directly interact with nucleoporins via their F-site [189, 190].
MEK1/2 can interact with ERK1/2 via its D-domain, thus retaining unphosphorylated ERK1/2 in the
cytosol and promoting nuclear export of the inactivated ERK1/2[191]. PEA-15 can also anchor ERK1/2
in the cytoplasm where it binds tightly to ERK regardless of the ERK1/2 phosphorylation state [192].
In contrast to the effects of MEK1/2 and PEA-15, Max-interactor 2 (Mxi2) binds to ERK1/2 and
prolongs its activation specifically in the nucleus [193]. Growing evidence has emerged in the recent
years to show that the DUSPs can anchor ERK1/2 in both the cytoplasm and the nucleus. DUSP6 can
anchor ERK in the cytoplasm by a mechanism dependent on the nuclear export signal (NES) of DUSP6.
In contrast, several ERK1/2 phosphatases can localize ERK1/2 to the nucleus. DUSP5 contains a nuclear
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localization signal (NLS) and can cause the nuclear translocation and sequestration of inactive ERK2
[194]. Recently DUSP2 and 4 have also been shown to anchor ERK1/2 in the nucleus [195].

1.6 Docking Interactions between ERK1/2 and Substrates, Activators,
and Regulators
In the phosphoryl-transfer reaction catalyzed by a protein kinase, the interaction between the
catalytic center of the protein kinase and a short sequence flanking the phosphorylation site of its
substrate is usually sufficient to confer affinity and specificity. For this interaction to occur, the target
phosphorylation site must possess complementary structural conformations that can fully penetrate and
fit into the kinase’s active site for phosphorylation. Due to redundancies in the properties of various
amino acid side chains, a variety of peptide analogs can be feasible substrates for a single protein kinase.
The amino acid sequences surrounding the phospho-acceptor residue in the best peptide substrates can
often be aligned to generate a consensus sequence for optimal kinase recognition. Usually 9 amino
acids (centered at the phosphorylation site with four amino acids flanking each side) are considered to
represent the pattern [196].

However, in addition to the interaction between the catalytic center and the target phosphorylation
site, MAPKs often utilize a distinctive docking interaction to achieve optimal affinity and specificity.
To date, two docking sites have been well characterized on ERK substrates: F-site (docking site for
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ERK, F/Y –X- F/Y –P or FXFP motif) and D-site (D domain or DEJL domain). F-site was first
characterized as an FXFP sequence [197-199]. Recently, a library scan analysis suggested that either
phenylalanine can be substituted with tyrosine or tryptophan [200]. F-site has been identified on several
ERK1/2 substrates, including transcription factors like Elk-1 and c-Fos, Fra1, A-Raf kinase, the kinase
suppressor of Ras-1 (KSR-1) scaffold protein, and nuclear pore proteins like NUP153 and NUP214
[198, 201, 202]. Many ERK1/2 substrate and interacting proteins, including transcription factors like
Elk-1, kinases like p90 ribosomal S6 kinase-1 (RSK-1), the caspase-9 protease, and the protein tyrosine
phosphatase, HePTP, contain a D-site that is involved in kinase recognition. The typical D-site sequence
is two or more basic residues followed by a short linker and a cluster of hydrophobic motif [(R/K) 2-3X2-6-ФA-X- ФB ] [203-206].
Correspondingly, two docking domains exist on ERK1/2: D-recruitment site (DRS) and Frecruitment site (FRS). The DRS is formed by an acidic patch containing Asp316 and Asp319 in the Cterminal extension from the kinase core known as the “CD domain” [207] and the hydrophobic docking
grove including Thr157/Thr158 that is referred to as “ED domain” [208]. Crystal structures of ERK2 in
complex with D-site peptides have shown that the basic residues of the D-site can bind to a negatively
charged surface on ERK2 [209]. However, recent NMR studies have suggested that not all D-sites
engage the Asp residues [210]. Mutational analysis and hydrogen exchange mass spectrometry have
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demonstrated that Tyr231, Leu232, and Leu235 on one side of a hydrophobic groove on ERK2 together
with Met197, Leu198 and Tyr261 are crucial in defining FRS and interacting with the F-site on
substrates [207, 211]. Other MAP kinases, including p38α, may also utilize a FRS-like binding motif
during substrate recognition [212]. 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 [213]. 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
[214]. Given the large number of substrates regulated by ERK1/2 proteins, it is likely that additional
docking sites will be identified on ERK1/2 proteins that regulate specific protein-protein interactions.
The docking interaction is very important in facilitating catalytic reactions through providing
optimal affinity between the kinase and substrate and bringing the target phosphorylation site to the
catalytic center of the enzyme. In fact, studies have shown that attachment of F-site and D-site sequences
to the peptide substrates can increase the affinity between ERK1 and its substrates, resulting in an
increase in apparent phosphorylation efficiency by 200 and 60 fold respectively [215, 216]. The docking
interaction also plays critical roles in determining substrate specificity. This has been exemplified by a
domain swap study conducted by the Nishida group [217]. In this study, they found that the ED site, a
part of the DRS, regulated the docking specificity of p38 and ERK2 with their substrates. By replacing
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the ED site of rat ERK2 (Thr156 and Thr157) with that of p38 (Glu160 and Asp161), they converted
the docking and catalytic specificity of ERK2 to that of p38.

Jacobs et al. systematically analyzed the sequences of many ERK substrates and organized them
into four classes based on the presence of candidate docking domains [198] . Class I substrates contain
both the D site and F site. Examples include the ELK subfamily of ETS proteins such as ELK1. In these
proteins, the D-site is N-terminal to the F-site. Class II substrates have only an F-site and include c-Fos,
Fra-1, Fra2, Egr-1 and GATA-2 [98, 124]. Class III substrates that contain only a D-site include RSK1,
MAPKK and c-Jun [218, 219]. Class IV substrates that contain no apparent D-site or F-site include cMyc and SOS-1. Two explanations can account for the existence of class IV substrates: 1) These proteins
contain atypical D-site or F-site that does not match current consensus sequences; and 2) These proteins
contains novel docking domains that have not been identified.

ERK1/2 utilize docking interaction not only for substrate recruitment, but also for binding to their
activators and regulators. It has been well established that different ERK interacting partners utilize
different docking domains for ERK binding. For example, the docking interaction with the D-site on
MEK1 has been shown to be required for efficient phosphorylation and activation of ERK2 by MEK1
[207, 220, 221]. Most MKPs (DUSPs) contain D-sites, the subtle difference of which determine whether
they target ERK1/2 or their closely related JNKs or p38s and whether they remain associated with their
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substrates after dephosphorylation [195] [222, 223] [207]. Anchor proteins PEA-15 and Mxi2 bind to
ERK via the F-site [224].

1.7 Virtual Screening and Characterization of ERK Inhibitors
Targeting Substrate Recruitment
A conventional kinase inhibitor either blocks the activation of the protein kinase by inhibiting its
upstream activators, or hinders the phosphoryl transfer reaction by blocking ATP binding to the ATP
binding site. Since the docking reaction between ERK1/2 and their substrates is critical for efficient
substrate phosphorylation, targeting the ERK1/2-substrate docking interaction has been a tempting
alternative strategy to block ERK1/2 activity. Taking advantage of the determination of ERK2 crystal
structure, a Computer Aided Drug Design (CADD) approach was taken by Dr. Alexander MacKerell’s
laboratory to screen for compounds which exhibit potential to interact with the binding pockets within
the substrate recruitment sites. Biological analyses have confirmed that some compounds that came
from the virtual screening could strongly inhibit phosphorylation of ERK substrates and cell growth
[225-227].

The virtual screening was conducted against 5 different sites on the ERK2 molecule (Figure 1.3).
Among them sties 1 (DRS) and 5 (FRS) have been well characterized, sites 2, 3, 4 were predicted based
on the binding response method [228]. A brief review of the CADD approach is given as follows.
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The 3 dimensional structure of unphosphorylated ERK2 resolved by X-ray crystallography was
retrieved from the Protein DataBank. As X-ray crystallography data did not contain the information
about charges and hydrogens on the molecule, ERK2 needed to be prepared by adding charges and
hydrogens. This was done by using the program SYBYL6.4 (Tripos Inc, St Louis, USA). All docking
calculations were carried out with the program DOCK using flexible ligands based on the anchored
search method [229].
To localize the binding sites on ERK2, first the solvent accessible surface was calculated with the
program DMS using a surface density of 2.76 surface points per Å2 and a probe radius of 1.4 Å2. Sphere
sets were then calculated with the DOCK associated program SPHGEN. Sphere clusters in

the ERK2 docking domains important for interactions with the protein substrates were further

identified based on the confirmed and predicted substrate binding sites. Spheres within the substrate

binding domains were selected and the selected sphere set acted as the basis for initial ligand placement
during database searching.

The GRID method was used to approximate the ligand receptor interaction energy during ligand
placement by the sum of the electrostatic and van der Waals (vdW) components [230]. Basically, a grid
with nodes about 2 Å apart from each other was virtually made surrounding the respective sphere set.
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The approximate interaction energy of each node with the protein was calculated for each node for
different atoms (such as H, O, N, S et al.) by calculating the sum of the electrostatic and vdW
components. During the docking procedure, each compound was divided into nonoverlapping rigid
segments connected by rotatable bonds. Segments with more than five heavy atoms were used as
anchors, each of which was docked into the binding site in 250 orientations and minimized. The
remainder of the molecule was built around the anchor in a stepwise fashion by adding other segments
connected through rotatable bonds.
Two screening steps were performed. During primary docking, the screening was based on the
vdW attractive energy. Each rotatable bond was minimized as it was created without reminimizing the
other bonds. The dihedral of the rotatable bond was sampled in increments of 10° at each step, and the
lowest energy conformation was selected and scored. Energy scoring was performed with a distantdependent dielectric, with a dielectric constant of 4, and using an all atom model. Once the whole
molecule was built, then it was minimized. The conformation of each molecule with the most
favorable interaction energy was selected and saved. As compound selection in this step favors
compounds with higher molecular weight (MW) since their size contributes to the energy score, this
size bias was minimized in a procedure by which the DOCK energies are normalized by the number of
heavy atoms N or by a power of N was applied using equation (IEnorm,vdW= IEvdW/Nx). Different

30

Figure 1.3. Ligand binding sites on ERK2 against which virtual screening was conducted. Site 1 (DRS)
is colored orange, site 2 is colored green, site 3 is colored red, site 4 is colored blue, site 5 (FRS) is
colored purple. ATP is shown as sticks in the ATP binding site.

X values (0, 0.33, 0.5, 0.67 and 1) were used and the distribution of molecular sizes was checked for
each x value. The x value that gave the best distribution of drug-like size was used and compounds
were accordingly selected for secondary screening.
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As compounds with good steric fit were selected during the primary screen, electrostatic as well as
vdW interaction energies were used for the selection of compounds from the secondary screen. The total
interaction energies were normalized and the MW distributions of the top 500 compounds in each set
using different powers of N were determined.
In order to achieve the highest possibility to identify as many potential hits as possible, 500
compounds were further selected based on their chemical diversity. Specifically, these compounds were
catalogued into different groups by using the program MOE in which the Jarvis-Patrick algorithm was
used to cluster the compounds using the MACC_BITS fingerprinting scheme and Tanimoto coefficient
(TC) [312]. It first calculates the MACC_BITS fingerprints which encode the 2D structural features for
each compound into linear bit strings of data. The similarity scores were calculated by dividing the
fraction of features common to both molecules by the total number of features in pairs of compounds.
The similarity matrix is then constructed and converted into a second matrix in which each TC value is
replaced by a 0 or 1 representing similarity values below and above the threshold value (S) provided by
the user, respectively. The rows of the new matrix are treated as fingerprints and the ‘TC’ value between
each is calculated. Molecules with values above the selected overlap threshold (T) are put in the same
cluster. 1 or 2 molecules from each group was selected to represent that group. The final selection
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process was based on Lipinski’s Rule of 5: MW< 500 Da; the number of hydrogen bond donors<5; the
number of hydrogen bond acceptors<10; and logP value<5.
The first ATP-independent ERK inhibitors came from the virtual screening against the DRS. Several
compounds showed moderate inhibitory activity against phosphorylation of D domain-dependent ERK
substrate RSK1 and cell growth with IC50 in the low µM range in different cell lines including human
cervical carcinoma line HeLa, human fibrosarcoma line HT1080 and human lung carcinoma line A549.
These compounds, shown in Figure 1.4, include 76 and 81 among others [225]. Later on, more
compounds were demonstrated to inhibit ERK substrate phosphorylation and cell growth with moderate
IC50. These include compounds 86, 89, 93 and 94 [226] (Figure 1.4).

Figure 1.4. Previously identified DRS-targeting compounds.
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1.8 Research Objectives
High quality crystal structures of ligand-free and nucleotide-bound forms of ERK may aid structurebased drug design for ATP competitive ERK inhibitors. At the same time, comparing the structures
between ATP-bound and ADP-bound ERK may provide useful information about the catalytic
mechanism of ERK-catalyzed phosphoryl transfer. Therefore, we solved the crystal structures of the
apo-form, ATP-bound and ADP-bound ERK2 (Chapter 2).

In previous biological analyses compound 2.3.2 (Figure 1.5) showed strong inhibitory effects on cell
growth and ERK substrate phosphorylation. We further characterized this compound by solving the
crystal structure of it in complex with ERK2 protein and by exploring the mechanisms by which it
causes cell death (Chapter 3). Furthermore, optimization of this compound for higher biological
activities was also demonstrated.

Figre 1.5. Chemical structure of compound 2.3.2.
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In the process of characterizing ERK inhibitors in our laboratory, it was noticed that inhibition of
ERK could hinder phosphorylation of PKCβII/δ at the hydrophobic motif. Elucidation of the mechanism
and biological relevance of this ERK mediated PKC phosphorylation is the final theme of this thesis
(Chapter 4).
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Chapter 2
Crystal Structures of the Apo-form, ATP-bound and ADP-bound Extracellular-Signal-Regulated
Kinase 2

2.1 Abstract
Excessive activation of the Raf/MEK/ERK pathway participates in the pathogenesis of numerous
human tumors. In this pathway, extracellular signal regulated kinase 1/2 (ERK1/2) occupy a unique
position on which signals from various membrane receptors converge. Therefore, ERK1/2 are promising
targets for the development of anticancer drugs, and the detailed structural analysis of ERK complexed
with ATP can provide valuable information for the design of novel compounds that bind in the ATP
binding pocket and inhibit ERK activity. In this study, we determined the structures of apo-form rat
ERK2, ERK2 complexed with the substrate ATP and the product ADP. Structural comparison between
the inactive form (un-phosphorylated) and the active forms (phosphorylated on Thr183 and Tyr 185)
revealed that phosphorylation on the activation loop caused dramatic conformational changes in ERK
protein. In inactive ERK2, the activation loop mainly makes contacts with the C-lobe, partially covering
the F-site recruitment site; in activated ERK2, however, the activation loop stretches out and makes
contacts with the N-lobe. Comparison between ATP-bound ERK2 and ADP-bound ERK2 showed that
ATP makes more electrostatic and van der Waals contacts with the protein than ADP. Additionally, it is
evident that a magnesium ion plays an important role in mediating ATP-ERK interactions, but is absent
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in the ERK-ADP complex. We also compared our apo-form ERK2 structure with the newly published
structure of the protein kinase domain of ERK5. This structural analysis revealed that the protein kinase
domain of ERK5 has very similar structural organization to ERK2. What is more, the D-domain
recruitment site and F-domain recruitment site on ERK5 were identified by structure and sequence
alignment.

2.2 Introduction
Protein kinases control and modulate a wide variety of biological processes by catalyzing transfer
of a phosphate group from adenosine triphosphate (ATP) to other proteins. To date, 518 putative kinases
have been identified in the human genome. By comparing sequences of their catalytic domains, aided
by knowledge of sequence similarity and domain structure outside of the catalytic domains, known
biological functions, and a similar classification of the yeast, worm, and fly kinomes, kinases can be
organized into different groups including protein kinase A, G and C families (AGC), Calcium and
Calmodulin-Regulated Kinases (CAMK), CDK, MAPK, GSK3 and CLK families (CMGC), Receptor
Guanylate Cyclases (RGC), Tyrosine Kinase (TK), Tyrosine Kinase-Like (TKL), Sterile-phenotype
Kinases (STE) and Casein Kinase I (CKI) [231].

In 1991, the first protein kinase structure, the catalytic subunit of PKA, was solved by X-ray
diffraction methods [232, 233]. Since then structures for at least 118 unique protein kinases have been
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deposited in the Protein Data Bank [234]. It’s now clear that all protein kinases share the same fold in
the catalytic domain of about 290 residues. The catalytic domain (kinase domain) is composed of two
major subdomains: a smaller N-terminal lobe comprised of 5 or 6 β-strands with one conserved α-helix
(αC-helix), and a larger C-terminal lobe that is primarily α-helical. The two subdomains are joined by a
hinge and the cleft formed between the subdomains constitutes the active site.

The active site of protein kinases shares some structural features that are essential to the proper
function of these enzymes. The ATP binding site is located in the inner part of the cleft between the Nterminal and C-terminal lobes. Structure and sequence alignment studies have defined ATP binding
pocket of protein kinase as a set of 36-38 residues able to interact with ATP or ATP-competitive
inhibitors[235-238]. These residues are near in space but not necessarily near in sequence. The ATP
pocket can be further divided into 5 regions: The first region is called the adenine binding region. The
backbones of residues in the hinge region can make two hydrogen bonds with the adenylyl head of ATP.
In addition to these polar interactions, some conserved hydrophobic residues located on both lobes make
extensive non-polar interactions with the adenine core; the second region is called the ribose binding
pocket. This region is predominantly polar. It makes a hydrogen bond with one of the two hydroxyl
groups of the ribose moiety. In 80% of the cases, it contains an Asp, Ser, Glu or Gln [236]; the third
region is called the phosphate binding pocket. A flexible N-terminal loop (G-loop, P-loop), which
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contains three conserved Gly residues (Gly-X-Gly-X-X-Gly), binds to the α- and β- phosphates of ATP
through ionic interactions; the forth region is called the hydrophobic pocket. This region extends in the
direction of the lone pair of the N7 nitrogen of adenine, is present, but not used, by ATP in most protein
kinases. Access to this pocket is controlled by two residues: the conserved Lys residue and a
“gatekeeper” residue; the fifth region is called the solvent accessible region. This region is not occupied
by ATP either, and is exposed to the solvent.

The activation segment is composed of a region of 20-35 residues located between a conserved DFG
motif and a less conserved APE motif. The activation segment typically contains phosphorylation sites
critical to the regulation of catalytic activity. A number of studies have shown that phosphorylation of
the activation loop generally promotes phosphor-transfer dramatically, but affect ATP and substrate
binding differently in a kinase-dependent manner [239-243]. The activation loop also contains a
conserved DFG motif which is critical for catalysis since the Asp residue binds directly to the Mg2+ ion
orienting the γ-phosphate for transfer.

The catalytic loop, located in the C-terminal lobe, contains a catalytic Asp (Asp 166 in PKA), which
is highly conserved in all kinases [244]. Studies have shown that mutation of the catalytic Asp
significantly reduces the catalytic rate without changing substrate Km value, suggesting this residue is
not essential for substrate binding [245-247]. Although the exact roles the catalytic Asp plays are not
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completely understood yet, evidence has shown that it might: 1. Act as a general base facilitating
deprotonation of the nucleophilic alcohol [248]; 2. Position the substrate hydroxyl for in-line
nucleophilic attack [249]; 3. Assist in substrate dissociation through repulsion of the negatively charged
phosphate ester product [248]. In Ser/Thr kinases, a Lys residue two residues away (Lys 168 in PKA)
contacts the γ-phosphate and is poised to stabilize the developing local negative charge during catalysis.
In Tyr kinases, the stabilizing residue is four residues downstream and is an Arg to allow for the larger
tyrosine residue.

The critical Lys residue is found in every known protein kinase (Lys72 in PKA, Lys52 in ERK2)
[250]. It binds alpha and beta phosphates of ATP. Replacement of this residue renders the protein kinase
“catalytically dead”. The conserved Glu (Glu91 in PKA) contacts side chain of the critical Lys for
positioning of ATP.

Abnormal kinase activity has been associated to a large variety of diseases, and most importantly in
cancer [251-253]. Due to the important roles abnormal protein kinase activity plays in the pathogenesis
of a broad range of diseases, tremendous effort has been made to develop protein kinase inhibitors. In
fact, the great majority of synthetic kinase inhibitors are ATP-competitive [254]. Although the ATP
binding site is conserved in sequence and structure among different protein kinases[255], many specific
protein kinase inhibitors have been developed, some of them have entered clinical development.
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Examples are VX-745 for p38α mitogen-activated protein kinase and CI-1033 for EGFR [256]. In the
recent years, structure-based drug design has gained increasing importance in the drug discovery
process. In fact, careful examination of the ATP binding site of protein kinases coupled with structurebased drug design methods has largely facilitated development of specific protein kinase inhibitors
[257].

The crystal structure of a Lys52Arg mutant form of ERK2 and its ATP complex refined to 2.7 Å
has been reported previously [258]. However, the details of interactions between ERK2 and ATP
binding pocket were not certain because of the low resolution. Moreover, a close examination of the
electron density map revealed that the ATP molecule placed in the model did not fit the electron density
map well. We have obtained high resolution crystals and refined the structures of the apoenzyme, ATPbound ERK2, ADP-bound ERK2 to 1.8, 1.7 and 1.8 Å respectively. Here, the conformational changes
of ERK2 upon activation loop phosphorylation, the interactions between ERK2 protein and its catalytic
substrate ATP and product ADP are described. Moreover, structure features including DRS and FRS
are identified on ERK5 by both structure and sequence alignments.
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2.3 Methods and Materials
2.3.1 Protein purification
(His)6-tagged rat ERK2 was expressed in the BL21 DE3 strain E. coli. Briefly, cells were grown in
LB medium with 100 μg/ml ampicillin at 37°C with shaking (250 rpm) to an OD600 of 0.8-0.9. ERK2
expression was induced with 0.5 mM isopropyl β-D-thiogalactopyranoside at 37°C for 4 hrs. Cells
were harvested by centrifugation, resuspended in 300 mM NaCl, 50 mM sodium phosphate (pH 7.8)
and 10% glycerol, and lysed by sonication. The crude lysate was then centrifuged at 39,000x g for 30
min at 4 °C. The cleared lysate was applied to a Co2+ charged TALON® Metal Affinity Resins
(Clontech) and the column was washed with 20 column volume of wash buffer containing 300 mM
NaCl, 50 mM sodium phosphate (pH 7.8), 10% glycerol and 10 mM imidazole. ERK2 was then eluted
from the column by a gradient of increasing concentration (50-400 mM) of imidazole. The protein was
buffer exchanged into Buffer A [125 mM NaCl, 20 mM Tris-HCl (pH 7.6), 10% glycerol and 5 mM
beta mercaptoethanol (BME) using a desalting column and then concentrated using an Amicon Ultra
centrifugal filter with a molecular mass cutoff of 10 kDa. The concentrated protein was then loaded on
a Mono QTM 10/100 GL column that had been equilibrated with Buffer A and eluted with a linear
gradient from 125 to 600 mM NaCl. Two ERK2 peaks were eluted from the Mono Q column, protein
from peak1 which came out of the column first was concentrated using an Amicon Ultra centrifugal
filter to a volume of 2 mL, and loaded on a HiPrep 26/60 Sephacryl S-200 HR size exclusion column
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preequilibrated with 800 mL of 200 mM NaCl, 50 mM Tris.Cl (pH 7.6) and 5 mM BME. The eluted
protein was then concentrated to a concentration of 6 mg/mL by using an Amicon Ultra centrifugal
filter.

2.3.2 Protein Crystallization, Data Collection, and Structure Determination
Crystallization experiments were conducted using the sitting drop vapor diffusion method at 22 °C
by combining protein and precipitant at the volume ratio of 79:21 to a final volume of 700 nL. Initial
conditions were found using sparse-matrix screens from NeXtal and consist of 100 mM MES pH 6.5,
5% PEG400, 2 M ammonium sulfate. Crystals reached their maximum size of 200 × 100 × 100 µm
within 5 days.

ATP and ADP were soaked into the ERK2 crystals by adding 2 uL mother liquor to the crystal and
exchanging it stepwise into cryoprotectant [100mM HEPES (pH 6.0), 27.5% PEG3350 and 17.5%
glycerol] containing 100 mM ATP or ADP, 100mM MgCl and 2mM DTT. Data sets were collected at
the Stanford Synchrotron Radiation Lightsource and were processed using XDS[259, 260] and
SCALA [261] with the automated data-processing script developed by Ana Gonzalez and Yingssu Tsai
(autoxds; http://smb.slac.stanford.edu/facilities/software/xds). Structures were solved by molecular
replacement in Phaser [262]using the apo-form ERK2 as the initial model (PDB ID: 1erk; [52]).
Models were refined by iterative cycles of refinement in REFMAC [263] and manual model building
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in Coot [264]. In the end of the refinement, TLS groups were identified with the help of the TLSMD
server [265]. Up to 20 different TLS groups were subjected to refinement in REFMAC, and the
optimal number that resulted in the lowest Rfree was chosen. Data collection and refinement statistics
are given in Table 2.1.
Table 2.1. Data collection and refinement statistics
Crystal
Apo ERK2
PDB code
4gsb
Data collection
Wavelength
1.00
Space group
P21
Unit-cell parameters (Å, °) a = 48.8 b = 70.0 c = 59.9
β = 109.0
Resolution range (Å)
46.1 - 1.80
(1.90 - 1.80)
Multiplicity
3.6 (3.6)
Unique reflections
35077
Rp.i.m (%)
2.7 (10.7)
Completeness (%)
99.3 (99.4)
I /σ (I )
16.9 (5.9)
Refinement
Rwork/Rfree
15.4/19.9
No. of protein atoms
2976
No. of waters
275
No. of heteroatoms
58
R.m.s.d bonds (Å)
0.022
R.m.s.d angles (°)
2.1
Cruickshank DPI (Å)
0.12

ERK2-ATP
4gt3

ERK2-ADP
4gva

0.98
P21
a = 48.6 b = 69.3 c = 59.8
β = 109.0
38.3 - 1.68
(1.77 - 1.68)
3.5 (3.5)
41032
2.4 (50.5)
96.2 (94.4)
15.3 (1.3)

0.98
P21
a = 48.6 b = 69.1 c = 60.0
β = 108.5
38.4 - 1.83
(1.93 - 1.83)
3.4 (3.2)
32458
3.4 (58.2)
97.4 (93.3)
12.1 (1.3)

16.6/20.0
2930
202
58
0.022
2.3
0.10

18.9/24.1
2848
172
33
0.018
2.0
0.14

37.9
44.8
60.6

39.3
42.9
66.4

2

Average B factors (Å )
Protein
Waters
Ligand

28.5
35.5
-

2.4 Results and Discussion
2.4.1 Superposition of the apo-form, ATP-bound and ADP-bound ERK2
structures
In order to check the structural changes caused by ATP or ADP binding, structures of the apo-form
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(PDB ID: 4gsb), ATP-bound (PDB ID: 4gt3) and ADP-bound ERK2 (PDB ID: 4gva) were superposed
as is shown in Figure 2.1. Nucleotide binding does not cause major changes in the overall structure of
ERK2 but does affect the protein structure locally. First of all, in the absence of the nucleotide, the
glycine-rich loop is not visible in the electron density map, suggesting it takes a highly flexible
conformation. Upon ATP and ADP binding, however, this loop becomes well defined. Besides, ATP
binding also extends the β1 strand of ERK2 by two amino acids (Lys46 and Val47) and causes it to make
a 90° turn along its axis. Closer examination reveals hydrogen bonding between Glu31 and O1α and
O3α of ATP and ADP, respectively. These hydrogen bonds must play major roles in causing these
structural changes. Secondly, there is major difference in the conformation of the critical lysine, Lys52,
in three structures. In the apo-form ERK2, Lys52 forms a salt bridge with Glu69. Upon ATP binding,
the side chain of K52 is not well defined, suggesting it is highly flexible in the presence of ATP. In the
presence of ADP, however, Lys52 forms hydrogen bonds with N7 and O1α of ADP respectively. Thirdly,
ADP binding causes the C-terminus of the β4 sheet to turn about 90° around its axis. Closer examination
shows that the O atom of Q103 forms a hydrogen bond with N on the adenylyl ring, and that the dihedral
angle between the line defined by Oε and Nε of Gln103 and the line defined by Cα and Cβ is different
among three structures, suggesting this hydrogen bond might be responsible for this structural change.
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Figure 2.1. Superposition of apo-form, ATP-bound and ADP-bound ERK2. The apo-form ERK2 is
colored in green, the ATP-bound ERK2 is colored in red, and the ADP-bound ERK2 is colored cyan.
ATP is colored by atom type.

2.4.2 Interactions between ERK2 and nucleotide ATP and ADP
The electron density for the refined ERK2-ATP complex shows clear density for the ATP molecule
with all three phosphates, a Mg2+ ion, and five water molecules within 4 Å of ATP (Figure 2.2A). The
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adenylyl ring of ATP is anchored in place by hydrogen bonds formed between ATP N1 and Met106 N,
ATP N6 and Asp104 O, ATP N6 and Gln103 Oε, ATP N7 and H2O 658 tethered to Gln103. Two
hydrogen bonds help keep the ribose moiety in place - the one formed between ATP O2’ and Asp109

Oδ2, and the other between the same atom on ATP and H2O 659 tethered to Ser151. The tri-

phosphate tail of ATP interacts with one amino acid on ERK2, two H2O molecules, and one Mg2+: ATP
O1α forms a hydrogen bond with Glu31 O; ATP O1β forms a hydrogen bond with H2O 658; ATP O2α
forms a hydrogen bond with H2O 659; the magnesium ion also plays an important role in holding ATP
in the ATP binding site. It is coordinated by ATP O2β, ATP O2γ, Asp165, Asn152 and two molecules of
H2O. The adenylyl ring of ATP also makes hydrophobic interactions with amino acids on ERK2. These
include Val37, Ile29, Ala50, Leu105, Met106 and Leu154 (Figure 2.2B).

The electron density for the refined ERK2-ADP complex shows clear density for the ADP molecule
with two phosphates and three water molecules within 4 Å of ADP (Figure 2.2A). The adenylyl ring of
ADP is anchored in place by hydrogen bonds formed between ADP N3 and Met106 O, ADP N6 and
Asp104 O, ADP N6 and Gln103 Oε, ADP N7 and Lys52 Nς. The ribose moiety makes only one
electrostatic contact. Its O2’ atom forms a hydrogen bond with H2O 578, which is tethered to ERK2 via
Asp109. No Mg2+ ion is found in ADP-bound ERK2. The di-phosphate tail of ADP interacts with 2
amino acids and one H2O molecule: ADP O3α forms a hydrogen bond with Glu31 O; ADP O1α forms
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a hydrogen bond with Lys52 Nς; ADP O1α and ADP forms a hydrogen bond with H2O 648 respectively,
and H2O 648 is tethered to ERK2 by Ser151 and Asn152. The adenylyl ring of ATP also makes
hydrophobic contacts with amino acids on ERK2. These include Val37, Ile29, Ala50, Leu105 and
Met106 (Figure 2.2B).

Thus, as is shown in Figures 2.2 and summarized in Table 2.2, eleven electrostatic interactions with
an average length of 2.81 Å and hydrophobic interactions with six amino acids contribute to ATP binding
to ERK2, whereas ten electro-static interactions with average length of 3.41 Å and hydrophobic contacts
with five amino acids contribute to ADP binding, demonstrating that ATP as the substrate binds tighter
to the kinase than ADP as the product.

48

A.
a.
A

B.
b.
A

Figure 2.2. Interactions between ATP or ADP and ERK2. A. Electrostatic interactions between
nucleotides and ERK2. Red-colored spheres denote water molecules that mediate interactions between
ERK2 and ATP; Cyan-colored spheres denote water molecules that mediate interactions between ERK2
and ADP; The Mg2+ ion is shown as a green sphere. B. Hydrophobic contacts between nucleotides and
ERK2. In both A and B, ATP and amino acids interact with ATP are colored purple, ADP and amino
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acids interact with ADP are colored cyan.
Table 2.2. Electrostatic interactions between ERK2 and ATP or ADP.

Interactions

Atom on
Nucleotide

Atom on
ERK2

N1
N6
N6
N7
O1β
O2γ
O2β
O2’
O2’
O2α
O1α

M106 N
D104 O
Q103 Oε

N1
N3
N6
N6
N7
O1α
O3α
O2β
O1α
O2’

M106 N
M106 O
D104 O
Q103 Oε1
K52 Nς
K52 Nς
E31 O

H2O/Mg

2+

Tethered / Coordinated Distance
by
(Å)

ATP
1
2
3
4
5
6
7
8
9
10
11
ADP
1
2
3
4
5
6
7
8
9
10

H2O 658
H2O 658
Mg 2+
Mg 2+
D109 Oδ2
H2O 659
H2O 659
E31 O

H2O 648
H2O 648
H2O 578

2.95
2.79
3.07
Q103 Oε
3.16
Q103 Oε
2.95
D165 Oδ2, N152 Oδ1 2.24
D165 Oδ2, N152 Oδ1 2.08
2.68
S151 O
2.71
S151 O
2.46
3.8

S151 O, N152 Oδ1
S151 O, N152 Oδ1
D109 Oδ2

3.01
3.57
3.17
3.66
3.79
3.32
3.96
3.32
3.41
2.87

2.4.3 Structural comparison between the inactive and active ERK2
In order to gain some insights into the effects of phosphorylation of ERK2 at Thr183 and Tyr185 of
the activation loop on the structure of the enzyme, apo-form ERK2 (PDB ID: 4gsb) was superposed
with double phosphorylated ERK2 (PDB ID: 2erk) (Figure 2.3). Strikingly, phosphorylation of ERK2
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at its activation loop causes extensive and dramatic changes in the overall structure of ERK2. First,
ERK2 activation drastically changes the position of the activation loop and its intermolecular
interactions with other parts of the molecule. In inactive ERK2, the activation loop makes contacts and
covers a part of the C-lobe of the protein, and Tyr185 is buried in a hydrophobic pocket; in activated
ERK2, however, the position of the activation loop moves toward the N-lobe of ERK2 and the
phosphorylated Tyr185 is exposed to the solvent. Second, phosphorylation on the activation loop also
causes structural change in the N-lobe of the protein. For example, the β1 sheet becomes disordered
upon phosphorylation of the activation loop. A closer structural examination (Figure 2.4) shows that,
the inactive activation loop covers the FRS via hydrophobic interactions between Phe181 and Leu182
on the activation loop and Leu198 of FRS. The activation loop in activated ERK2 does not make contact
with the FRS, instead, it interacts with the ascending loop through a π- π stacking interaction between
His176 and Phe329. Additionally, phosphorylation of the activation loop changes the conformation at
the FRS site. In inactive ERK2, the phenyl ring of Tyr231 points to a direction that goes away from the
active center of the protein, however, it points toward the active center in the active form of ERK2.
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Figure 2.3. Superposition of inactive (green) and activated (red) ERK2. Unphosphorylated and
phosphorylated Thr183 and Tyr185 are shown as sticks.
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Figure 2.4. Comparison of intermolecular interactions of unphosphorylated (A) and phosphorylated (B)
activation segment with other parts of ERK2. In (A) unphosphorylated activation segment is colored in
cyan, other parts of ERK2 are colored in green; In (B) phosphorylated activation segment is colored in
magenta, other parts of ERK2 are colored in red. FRS is shown in spheres, Leu198 and Tyr231 are
highlighted in yellow and orange respectively, in both (A) and (B).

2.4.4 Structural comparison between apo-form ERK2 and the protein kinase
domain of ERK5
ERK5 is another member of the MAPK family. It has an N-terminal kinase domain that is highly
homologous to the prototypical MAPKs ERK1/2, but differs from them in having a large C-terminal
half containing a potent transcription activation domain not found in any other MAPK family members
[266]. Recently, an apo-form crystal structure of the protein kinase domain of ERK5 was reported
(reference, PDB ID: 4ic8). Although the low quality of the structure data for ERK5 (Resolution 2.8 Å)
makes it unsuitable to make detailed structural analysis, structure superposition shows that the protein
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kinase domain of ERK5 has almost identical secondary structure organization as ERK2. Moreover,
combined structure and sequence alignments between ERK5 and ERK2 identified and assigned features
characteristic of MAPK on ERK5. As shown in Figure 2.6, ERK5 contains both the DRS and FRS
substrate binding sites in locations corresponding to those on ERK2. The common docking motif (CD)
of ERK5 is composed of Asp351 and Asp354, and the ERK docking motif (ED) is Glu191Asn192 (EN).
The FRS of ERK5 is composed of Leu233, Tyr266, Val267, Leu270 and Tyr296. As is shown in Figure
2.5 and 2.7, other important features on ERK5 that are characteristic of protein kinases have also been
assigned. Gln176ValIsoHisArgAspLeuLys183 consists of the catalytic loop, in which Asp181 is the
catalytic

Asp.

The

activation

segment

is

composed

of

32

amino

acids:

Asp199PheGlyMetAlaArgGlyLeuCysThrSerProAlaGluHisGlnTyrPheMetThrGluTyrValAlaThrArgTryTyrArgAlaProGlu230. Lys83 is the critical Lys of human ERK5.
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Figure 2.5. Superposition of structures of ERK2 (4gsb) and the protein kinase domain of ERK5 (4ic8).
ERK2 is in light blue, ERK5 is in cyan. Important features on ERK2 are differently colored: The
conserved αC loop is colored brown, the G-loop is colored purple, the catalytic loop is colored red, and
the activation segment is colored green.
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Figure 2.6. Comparison of DRSs and FRSs between ERK2 (light blue models on left) and the protein
kinase domain of ERK5 (lemon green models on right). DRSs and FRSs are colored red (top) and purple
(bottom), respectively.
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Figure 2.7. Sequence Alignment for structural features of rat ERK2 (access No: NP_446294.1), protein
kinase domain of human ERK5 (access No: Q13164) and human p38 α (access No: NP_001306.1).
Amino acids composed of DRS and FRS are colored red and green respectively.

2.5 Discussion
Lys52 in subdomain II is highly conserved among protein kinases. An alanine scanning
mutagenesis of yeast cAMP-dependent protein kinase (cAPK) studies have shown that, when the
conserved lysine in subdomain II was mutated to alanine, kcat/Km [ATP] dropped to 0.02% of that of
wild protein, which was the lowest activity observed with any of the cAPK alanine-scanning mutants
[245]. A follow-up study showed that the decrease in activity was due mostly to changes in kcat
[267]. Using Lys52Arg and Lys52Ala mutant ERK2, Robinson et al. (1996) also found that mutation
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of this residue has a negligible effect on Km for ATP but has a marked effect on kcat [258]. These data
suggested that Lys52 may play critical roles in one or more steps in the enzymatic reaction: 1, In the
initiation step, when the substrates bind to ERK2, Lys52 senses subtle change in the conformation of
ERK2 and initiates the reaction; 2. In the intermediate reaction step, it stabilize the transition state or
facilitate conformational changes needed for phosphoryl transfer; 3. In the product release step, it
facilitate ADP release. Our structural data clearly show that Lys52 interacts differently with ATP and
ADP, suggesting that Lys52 plays different roles in different steps in the catalysis cycle and the exact
roles Lys52 plays warrant further investigation.

In an effort to identify binding modes of compounds screened in our lab, we have solved more than
200 ERK2 structures. Most data sets were generated from crystals produced under the ammonium
sulfate based conditions by using protein purified in the presence of 5mM β-mercaptoethanol (BME).
Protein purified in the presence of 5 mM dithiothreitol (DTT) failed to crystalize under the same
conditions. Interestingly, we found that in all structures of crystals produced under the ammonium
sulfate-based conditions, Cys159 of ERK2 was modified by BME, suggesting that BME could facilitate
crystallization of ERK2 by modifying Cys159.
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Chapter 3
Selective Inhibition of ERK1/2-mediated Activator Protein-1 (AP-1) Functions Sensitize Melanoma
Cells expressing mutated BRAF to Growth Inhibition

3.1 Abstract
Extracellular signal-regulated kinases 1 and 2 (ERK1/2) are central to a diversity of functions
including cancer cell proliferation and survival. The current inhibitors of ERK1/2 are ATP competitive
and 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 develop small molecular weight
inhibitors that target ERK1/2-substrate docking domains, thereby selectively interfering with ERK1/2
regulation of substrate proteins. Here we report the identification, design, and characterization of
compound 1,1-dioxido-2,3-dihydrothiophen-3-yl benzenesulfonate and analogs that selectively inhibit
substrates containing an F-site. Experimental evidence based on interference of ERK1/2 substrate
phosphorylation shows selective inhibition of F-site containing substrates of the activator protein-1 (AP1) transcription factor complex including, c-Fos, FosB, and Fra-1. Moreover, this class of compounds
shows selective inhibition of melanoma cells containing mutated B-Raf and constitutively active
ERK1/2 signaling. The compounds identified have the potential utility for elucidating the complex
biological roles of ERK1/2 and development into novel anti-cancer agents.
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3.2 Introduction
The mitogen activated protein kinase (MAPK) family consist of four major members including the
extracellular signal-regulated kinases-1 and 2 (ERK1/2), c-Jun N-terminal kinases (JNK), p38 MAP
kinases, and ERK5 [29, 268]. The MAPK proteins are serine/threonine kinases involved in signal
transduction pathways that regulate cell proliferation, apoptosis, differentiation, migration, and
inflammation responses to a variety of extracellular signals [29]. MAPK proteins regulate cellular
functions through phosphorylation of a diverse number of substrates. In fact, the ERK1/2 proteins have
been implicated in the phosphorylation of over 160 substrates and stringent control over interactions
with substrate proteins that allow efficient phosphate transfer is essential for proper cellular function
[40, 269-272]. 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 [273,
274]. Thus, a better understanding of the mechanisms regulating ERK1/2 interactions with substrates
may provide information on new approaches to selectively inhibit ERK-regulation of substrates
involved in cancer cell proliferation. Although several selective ATP-competitive inhibitors of ERK1/2
have been developed [275, 276], these compounds have not advanced to the clinic and do not allow
examination of select ERK functions that are dependent on interactions with specific proteins.
We have previously used CADD to identify small molecular weight compounds that inhibit ERK1/2mediated phosphorylation of substrate proteins in an ATP-independent manner and inhibit cancer cell
60

proliferation in in vitro and in vivo models [225, 226, 277, 278]. This approach targeted the DRS region
of ERK2, such that the identified inhibitors containing a thiazolidinedione scaffold may selectively
regulate distinct ERK2 signaling functions. From these efforts, several compounds were identified that
inhibit phosphorylation of selected ERK1/2 substrates, including D-domain containing substrates RSK1 and caspase-9, and selectively inhibit cancer cell lines containing constitutively active ERK1/2
signaling [227, 279].
The present study reports the identification of a class of small molecules, based on a thienyl
benzenesulfonate scaffold, which are putative inhibitors of substrates that interact with ERK1/2 through
the FRS. The compounds were initially identified using virtual database screening followed by
experimental assays. Validation of the scaffold was then achieved by designing analogs using the SiteIdentification by Ligand Competitive Saturation (SILCS) approach [280, 281], chemical syntheses and
biological analyses. Experimental evidence demonstrated that these compounds inhibited F-site
containing proteins that comprise of the activator protein-1 (AP-1) transcription factor complex.
Correspondingly, melanoma cells containing mutated B-Raf and active ERK1/2 signaling were
preferentially inhibited by the new compounds. These results provide further support for the feasibility
of developing low-molecular weight compounds that can disrupt ERK1/2 substrate docking domains,
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thereby specifically inhibiting the functions of select substrate proteins that drive the proliferation and
survival of cancer cells containing constitutively active ERK1/2 signaling.

3.3 Materials and Methods
3.3.1 Materials
Test compounds were solubilized in spectrophotometric grade dimethyl sulfoxide (DMSO) and
stored as 25 mM stocks at -20ºC. Unless indicated, all chemicals were purchased from Sigma Aldrich
and/or Fisher Scientific. All cell lines were purchased from American Type Culture Collection (ATCC)
and maintained in complete medium consisting of Dulbecco's modified Eagle medium (DMEM) plus
10% fetal bovine serum (FBS, Atlanta Biologicals) and antibiotics (penicillin, 100 U/ml; streptomycin,
100 g/ml) (Invitrogen). Epidermal growth factor (EGF) was purchased from Sigma and used at final
concentrations of 25 ng/ml. U0126 (Calbiochem) or the ATP-competitive pyrazolylpyrrole ERK
inhibitor (Santa Cruz Biotech.) were used at final concentrations of 10 M.

3.3.2 Protein expression and purification
ERK2 transformed cells were grown in LB medium with 100 μg/ml ampicillin and protein
expression was induced by 0.5 mM isopropyl-β-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
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was added and the mixture sonicated followed by centrifugation at 39,000 g for 30 minutes. The cleared
lysate was loaded onto a Co2+ 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
increasing concentrations of imidazole (50-400 mM). The protein was buffer exchanged into Buffer A
[125 mM NaCl, 20 mM Tris-HCl (pH 7.6), 10% glycerol and 5 mM Dithiothreitol (DTT)] using a
desalting column and then concentrated using an Amicon Ultra centrifugal filter with a molecular mass
cutoff of 10 kDa. The concentrated protein was then loaded on a Mono QTM 10/100 GL column that
had been equilibrated with Buffer A and eluted with a linear gradient from 125 to 1,000 mM NaCl. Two
ERK2 peaks were eluted from the Mono Q column, protein from peak1 which came out of the column
first was concentrated using an Amicon Ultra centrifugal filter to a volume of 2 mL, and loaded on a
HiPrep 26/60 Sephacryl S-200 HR size exclusion column preequilibrated with 800 mL of 200 mM
NaCl, 50 mM Tris.Cl (pH 7.6) and 5 mM DTT. The eluted protein was then concentrated to a
concentration of 6 mg/mL by using an Amicon Ultra centrifugal filter. 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.

3.3.3 Immunoblotting
Cells were washed with cold phosphate buffered saline (PBS, pH 7.2; Invitrogen) and protein lysates
were collected with SDS-PAGE sample buffer (4% SDS, 5.7M BME, 0.2M Tris pH 6.8, 20% glycerol,
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5mM EDTA) or cold tissue lysis buffer (TLB; 20 mM Tris-HCl pH 7.4, 137 mM NaCl, 2 mM EDTA,
1% Triton X-100, 0.1% SDS, 25 mM -glycerophosphate, 2 mM sodium pyrophosphate, 10% glycerol,
1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine). Lysates
collected in TLB were centrifuged at 20,000 (X g) to remove insoluble material and then diluted with
an equal volume of 2X SDS-sample buffer. Proteins were separated by SDS-PAGE and analyzed by
immunoblotting using enhanced chemiluminesence for detection (ECL, GE Healthcare).

3.3.4 Luciferase assays
HeLa cells were seeded in 24-well plates (4 × 104 cells/well) and incubated 18 hours prior to achieve
~80% 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 treated with increasing amount of compounds
as indicated for 30 minutes, followed by stimulation with EGF (25 ng/mL) for 4.5 hr. In other
experiments, cells co-transfected with the pAP1(PMA)-TA-Luc reporter and a plasmid expressing
constitutively activated form of MEK1 were treated with increasing amount 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) kit 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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3.3.5 Cell proliferation assays
Cell proliferation was evaluated by water soluble tetrazolium-1 (WST-1) as previously described
[227]. 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.

3.3.6 Crystallization, data Collection and model refinement
Crystallization, data collection and model refinement were conducted in Dr. Edwin Pozharski’s
laboratory. Crystallization was performed with the sitting-drop vapor-diffusion method. The initial
condition was obtained from the Classics II Suite (Qiagen) 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) 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 μL). Crystals grew
within 10 days at 22 °C. Crystals were harvested, cryo-protected with the precipitant supplemented with
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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 unliganded protein as starting model (PDB ID:
1erk). This was followed by iterative manual model rebuilding using COOT and model refinement using
REFMAC.

3.3.7 Computational Methods
All computational works were conducted in Dr. Alexander MacKerell’s laboratory.
3.3.7.1 MD simulations
Simulations were initiated with the 3D structures of ERK2 in both the phosphorylated (active) [282]
(PDB ID: 2erk) and unphosphorylated (inactive) [283] (PDB ID: 1erk) states retrieved from the Protein
Data Bank [284]. The program Reduce [285] was used to add hydrogen atoms and optimize the
orientations of the side chain OH, SH, NH3+, -S-CH3, 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 [286] and NAMD
[287]. The CHARMM22 all-atom protein force field [288] including the CMAP backbone energy
correction was used for calculations [289]. Simulations for sites 2, 3 and 4 were based on a truncated
octahedron periodic system (112 Å edge length) run in CHARMM while those for site 5 were based on
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a cubic system (98 Å 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 [290] that contained 150 mM NaCl. Solvent
molecules with non-hydrogen atoms within 2.8 Å 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) [291] for 5ns. Simulations were performed with a 2 fs integration time step using the
SHAKE algorithm [292] to constrain covalent bonds to hydrogens. Electrostatic forces were calculated
with the particle mesh Ewald (PME) method [293] using a real space cutoff of 12 Å with a kappa value
of 0.4 Å-1 and a 4th order spline interpolation. vdW forces were truncated with a cutoff distance of 12
Å with smoothing performed using a force switching function [294] starting at 10 Å. 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 [295].
3.3.7.2 Ligand Competitive Saturation (SILCS) simulations
Site Identification by Ligand Competitive Saturation (SILCS) simulations [280] 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
67

TIP3P water [290] on a 105 Å cubic grid with 3 Å 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 Å from protein non-hydrogen atoms, and replacing three randomly
selected water molecules with sodium ions to neutralize the system. The final systems were 88×63×63
Å rectangular boxes to accommodate the protein, which has maximum dimensions of 77×51×46 Å.
Minimization was then performed for 500 steepest descent steps [296] with all protein atoms
harmonically restrained with a force constant of 1 kcal/molÅ2 followed by heating to 298K at a rate of
25K/ps and equilibration in the NPT ensemble (1atm, 298K) [291] for 20 ps with a 2 fs integration
timestep using the SHAKE algorithm [292] to constrain covalent bonds to hydrogen atoms. In the
production phase, much weaker harmonic positional restraints were applied only on Cα atoms with a
force constant of 0.01 kcal/molÅ2 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 [293] with a real space cutoff of 8 Å with a kappa value of 0.32 Å-1 and a 6th order spline
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interpolation. vdW forces were truncated with a cutoff distance of 8 Å with smoothing performed using
a force switching function [294] starting at 5 Å.
3.3.7.3 Selection of conformationally diverse structures
To identify unique conformations of ERK2 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-meansquare differences (RMSD) [297] 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 Å.
Representative conformations were selected from each cluster. These conformations as well as the Xray 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 ERK2) 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 [298, 299], showed the presence of 6, 5
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and 6 clusters from the phosphorylated ERK2 and unphosphorylated ERK2 MD simulations and the
SILCS simulations based on RMS radii of 0.8Å, 0.96Å, and 0.8Å, 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.
3.3.7.4 Identification of putative binding sites
Putative binding sites were identified using the binding response method [228]. 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 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 [300] was calculated
with the program DMS [301] using surface density of 2.76 vertex points per Å2 and a probe radius of
1.4 Å. 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 [229]. The docked ligands were then used to calculate the binding response (BR) score, which
is based on a combination of energetic and geometric criteria [228].
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3.3.7.5 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 Dr. Alexander
Mackerell’s 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 [302, 303] using the programs MOE, and assignment
of atomic partial charges based on CM2 charge model[304] at the semi-empirical quantum chemical
AM1 level using the program AMSOL [305]. 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 DOCK4
[229]. During docking the protein structure was fixed with ligand flexibility treated using the anchored
search method [306]. In this approach each compound was divided into a collection of non-overlapping
rigid segments connected though rotatable bonds. Segments with more than five heavy atoms were
considered as anchors, each of which was individually docked into the binding site in 200 orientations
and then minimized. The reminder of each molecule was constructed around the anchors in a stepwise
fashion by connecting other segments through rotatable bonds. At each step, the dihedral of the rotatable
bond connecting previously constructed to new segments was sampled in increments of 10° and then
the lowest energy conformation was chosen. During primary docking, each rotatable bond was
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minimized as it was created without reminimizing the other bonds. Selected conformations were
eliminated based on energetic criteria, ensuring conformational diversity and energetically favorable
conformations [307, 308]. 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 [230] 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 Å × 35. 9Å × 35.7 Å, 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 [309], the vdW attractive IE was normalized based on the number
of non-hydrogen atoms N raised to a power x (Supplemental Figure 1). 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.
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3.3.7.6 Secondary docking
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 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 of
ERK2, from which one with the most favorable total interaction energy was chosen as the energy score
of the compound. The total ligand-receptor IE 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.
3.3.7.7 Final selection of compounds
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 [310] implemented in MOE was used to identify
dissimilar clusters of compounds using the BIT-packed version of MACCS structural key (BIT73

MACCS) fingerprints with the Tanimoto coefficient (TC) as the similarity index [311] as previously
described [312, 313]. 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 rule of 5 [314]. 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
were obtained for experimental assay.
3.3.7.8 Lead optimization
SILCS simulations to identify modifications of 2.3.2 with improved activity involved benzene and
propane in aqueous solution [280], initiated from the holo conformation of ERK2 in complex with 2.3.2
obtained in the present study, with the ligand removed. 10 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 [281]. 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
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Cα atoms, using the steepest descent (SD) algorithm to remove bad contacts using the CHARMM
program [286]. Discovery Studio 2.5 (Accelrys) was used to generate the structures of the analogs using
2.3.2 as the parent scaffold. The automated CGenFF program [316, 317] was used to generate the
topology and parameters for the molecules in the context of the CHARMM General Force Field [295].
To obtain the conformation of the analogs in complex with ERK2, 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, described previously [281], each 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 5Å and hydrogen bond donor/accepter atoms closer than 2.5 Å 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, ΔLGFE, 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 [281].

3.4 Results
3.4.1 Identification of putative small molecule binding sites
To date, two substrate binding sites on ERK have been well established: the DRS [318, 319]
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previously targeted in our laboratory [225, 277] and the FRS known to be involved in interactions with
ERK1/2 substrates containing the F-site or DEF motifs [200, 201]. However, the binding sites for a large
amount of ERK substrates have yet to be identified, suggesting that other unknown substrate binding
sites might exist on ERK. Based on the crystal structure of the activated form of ERK2 (PDB ID: 2erk),
by using the Binding Response algorithm [228], 3 putative small molecule binding sites (referred to as
site 2, 3, 4 respectively) located on regions in the C terminus of ERK2 were identified. It is reasonable
to assume that compounds binding to these sites can interrupt interaction between ERK and substrates
requiring these sites for binding. The composing amino acids of these putative binding sites, along with
those that have been well established are shown in Table 3.1. The positions of all 5 sites on ERK2 protein
5 sites are shown in Figure 3.1.

Table 3.1. Residues on the ERK2 C-terminal domain that may 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; DRS Thr157, Thr158, Asp316, Asp319a
2) Leu114, 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, Tyr261b
a

references 16 and 18

b

references 13 and 20

This table was generated by the MacKerell laboratory.
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Figure 3.1. Image of known and putative substrate binding sites on ERK2 based on PDB structure,
2ERK. Residues for the different sites (Table 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 indicating the ATP binding
site (top) are shown in licorice with atom-based coloring. The shown residues are those identified in
mutagenesis studies as being involved in substrate interactions (Table 3.1). Molecular representations
were created using VMD [320]. This figure was generated by the MacKerell laboratory.

3.4.2 Selection of ERK2 docking sites
Putative low molecular weight inhibitor binding sites were identified using the Binding Response
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(BR) algorithm [228]. SILCS simulations, which included propane and benzene along with water to
facilitate the identification of concealed binding sites [321], were conducted 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. Inhibitor binding sites identified at least once on both
phosphorylated and unphosphorylated ERK2 for sites 2-4, all along with the times each site was
identified and the average BR score, are presented in Table 3.2. Those for the FRS are shown in Table
3.3.
Table 3.2. 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 #
2

ID #
Structure Residues
A
1ERK
GLU 69, HIS 145, ASP 165
B
1ERK
TYR 191, SER 151, GLU 218
C
1ERK
ASP 104, MET 106, ASP 109
D
1ERK
SER 221, ARG 223
3
E
1ERK
ILE 82, LEU 161
F
1ERK
LEU 119, MET 219, LEU 220
G
1ERK
SER 120, ASN 156
H
1ERK
SER 244, LEU 265, PRO 266
4
I
1ERK
GLY 243, LYS 270, ASP 289
A
2ERK
GLU 69, HIS 145, ASP 165
2
B
2ERK
TYR 191, SER 151, GLU 218
C
2ERK
ASP 104, MET 106, ASP 109
D
2ERK
SER 221, ARG 223
3
E
2ERK
ILE 82, LEU 161
F
2ERK
LEU 119, MET 219, LEU 220
G
2ERK
SER 120, ASN 156
H
2ERK
SER 244, LEU 265, PRO 266
4
I
2ERK
GLY 243, LYS 270, ASP 289
This table was generated by the MacKerell laboratory.
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# of hits
8/10
10/10
10/10
7/10
6/10
8/10
1/10
7/10
7/10
8/11
10/11
9/11
10/11
6/11
3/11
6/11
7/11
9/11

Avg. BR
0.95
0.89
0.96
0.92
0.95
0.95
0.93
0.91
0.95
0.96
0.90
0.97
0.93
0.92
0.81
0.93
0.93
0.94

Table 3.3. 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
1ERK
1ERK
1ERK
1ERK
1ERK
2ERK
2ERK
2ERK
2ERK
2ERK
2ERK
SILCS
SILCS
SILCS
SILCS
SILCS
SILCS

ID#
c1
c3
c4
c5
c6
c1
c2
c3
c4
c5
c6
c1
c2
c3
c4
c5
c7

Residues
L182, T183, E184, I196, M197, H230, Y231, L232
L182, E184, Y231, L232
L182, T183, E184, I196, M197, Y231, L232
H230, L232, D233, N236, Y261, L265
L182, T183, E184, H230, Y231, L232
L198, Y231, L232, L235, N255, K257, A258, Y261
M197, L198, S200, Y231, L232, L235, A258
K257, Y261
M197, L198, Y231, L232, L235, Y261
I196, N199, S200, K201
M197, L198, N199, S200, Y231, L235
H230, L232, D233, L235, N236, Y261, L265, P266
H230, L232, D233, N236, L265, P266
K229, L232, D233, N236
H230, L232, D233, L235, N236, L239, Y261, L265
K229, L232, D233
L182, M197, L198, L235

BR score
0.88
0.95
0.85
0.83
0.78
0.95
0.94
0.84
0.87
0.89
0.74
0.72
0.84
0.86
0.78
0.91
0.86

This table was generated by the MacKerell laboratory.

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 Figure 3.1. 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 [322].
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
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SILCS simulations facilitated sampling of conformations [321] allowing for putative binding sites in
that region to be identified.

3.4.3 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 (Tables 3.2 and 3.3). 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 [323]. Normalization accounts
for the upshift in the molecular weight (MW) of selected compounds when scoring is based on
interaction energies [309]. Normalization factors (Table 3.4) 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
Table 3.4 along with details of the normalization for the FRS (Figure 3.2). The selection of low MW
lead compounds is advantageous as such compounds should have improved bioavailability [314, 324]
and will allow the introduction of functional groups to enhance biological activity during future
optimization [325, 326]. From this procedure, the top 50,000 compounds were selected for each site and
used in secondary screening.
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Table 3.4. Types of normalized energies and normalization factors used in two levels of database
screening. VdWAE 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
Site2 (phosphorylated)
Site2 (unphosphorylated)
Site3 (phosphorylated)
Site3 (unphosphorylated)
Site4 (phosphorylated)
Site4 (unphosphorylated)
Site 5/FRS

Primary screening
vdWAE/N^(1/2)
vdWAE/N^(3/5)
vdWAE/N^(2/5)
vdWAE/N^(1/2)
vdWAE/N^(3/5)
vdWAE/N^(3/5)
vdWAE/N^(5/12)

Secondary screening
IE/N^(3/5)
IE/N^(3/5)
IE/N^(3/5)
IE/N^(3/5)
IE/N^(2/3)
IE/N^(2/3)
vdWAE/N^(5/12)

This table was generated by the MacKerell laboratory.

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 compound. Scoring was based on the normalized total ligandprotein interaction energies (Table 3.4). 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 Figure 3.2. For each site the top 1000 compounds were
selected.
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Figure 3.2. 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/Nx,
where N is the number of non-hydrogen atoms in each ligand, and x is the exponent of N ranging from
0 (unnormalized) to 1 as shown in equation 1. Bin size of 50 was used. This Figure was generated by
the MacKerell laboratory.
Equation 1

IEnorm 

IE
Nx

Details of the normalization procedure shown in Supplementary Figure 1 for site 5 (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 (Figure 3.2A). 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 1a. Since most druglike compounds have MW below 500
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Da [314, 324], 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 top 50,000 compounds. The
factor of x=0.42 was chosen to select the 50,000 compounds. Figure 1a 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 Figure 3.2B. 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.

83

Final compound selection emphasized chemical and structural diversity to maximize the
identification of active compounds [323]. Diversity was attained using fingerprint-based similarity
clustering to group compounds into structurally similar clusters from which individual molecules were
selected. This selection process also included bioavailability considerations [314].

3.4.4 Experimental evaluation of lead compounds and effects on ERK1/2 signaling
3.4.4.1 2.3.2 inhibited phosphorylation of ERK substrates in HeLa cells
From the in silico screen, potential ERK1/2 compounds were evaluated for effects of ERK1/2mediated phosphorylation of substrates. One group of 7 structurally diverse compounds (Figure 3.3A)
were tested in EGF treated HeLa cells and compound 2.3.2 was found to inhibit ERK1/2-mediated
phosphorylation of transcription factor Elk-1, which contains both a D-domain and an F-site (Figure
3.3B). Compounds 2.3.3, 2.3.4, and 2.3.5 also inhibited Elk-1 phosphorylation but to a lesser extent
(Figure 3.3B). Importantly, none of the compounds caused a corresponding inhibition of ERK1/2
activation suggesting the compound’s mechanism of action was at the level of ERK1/2 and regulation
of downstream events. Compound 2.3.2 also showed a selective dose-dependent inhibition of ERK1/2mediated Elk-1 phosphorylation but was less potent in inhibiting phosphorylation of the D-domain
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containing substrate RSK-1 (Figure 3.3C). Further support that 2.3.2 was acting on ERK1/2-mediated

Figure 3.3. 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 µM) followed by treatment with EGF (25
ng/mL) for 5 min. to activate ERK signaling. Lysates from cells treated with indicated compounds were
immunoblotted for phosphorylated Elk-1 (pElk-1) or active ERK1/2 (ppERK1/2). (C) Following
treatment as in (B), immunoblot analysis of lysates from cells treated with 2.3.2 showing selectivity for
phosphorylation inhibition of Elk-1 and less so for RSK-1 (pElk-1 and pRSK-1). Phosphorylation of
ERK1/2, MEK1/2 (ppERK1/2 and pMEK1/2) or Tyr1068 autophosphorylation of EGFR (pEGFR) was
not affected by 2.3.2. In all immunoblot analyses, α-tubulin expression was used as a protein loading
control. The MEK inhibitor U0126 (10 µM) was used as a control to block all ERK signaling.
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events was demonstrated by the lack of effects on ERK1/2 phosphorylation by MEK1/2 proteins,
interact with ERK1/2 through their D-domains [214], or autophosphorylation of the EGF receptor
(Figure 3.3C).

3.4.4.2 X-ray crystallography suggests that 2.3.2 interacts with a region in the vicinity of FRS on
ERK2
To provide 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 (Table 3.5; PDB ID: 3QYI). Upon
inspection of the model that included protein and 46 water molecules, additional density was identified
in a pocket vacated by Phe181/Leu182 located below the activation loop that includes residues Thr183
and Tyr185 (Figure 3.4). Given that the densities of these two residues are well resolved, it was assumed
that the elongated density filling this region was representative of 2.3.2 (Figure 3.4). The irregular shape
of the electron density fragment can be 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 Phe181 and Leu182; however, this should be taken with caution given the
disordered and partially occupied nature of the ligand in the binding site. Thus, 2.3.2 appears to be 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 is unique to ERK2, it is possible that in other kinases targeting of this site may result in
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Table 3.5. 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: 3QYI).
Data collection
Wavelength
Space group
Unit-cell a(Ǻ), b(Ǻ), c(Ǻ)
Resolution range (Å)
Redundancy
No. of unique reflections
Rmerge (%)
Completeness (%)
<I/σI>
Solvent content (%)
Protein molecules per a.s.u.
Refinement statistics
Resolution range
No. of reflections
Rwork/ Rfree (%)
No. of protein atoms
No. of waters
No. of PEG atoms
No. of 2.3.2. atoms
Average B factors, Ǻ2
Protein
Water
PEG
2.3.2.
Ramachandran statistics
Favored (%)
Outliers (%)
RMSD from Ideality
Bond lengths (Ǻ)
Bond angles (deg.)

0.979
P212121
45.29, 65.80, 117.34
60.0-2.18 (2.24-2.18)
11.9 (9.7)
18,620 (1,819)
11.7
99.8 (99.6)
10.4 (1.4)
45.8
1
60.0 – 2.18
17,545
21.4/ 28.1
2820
46
13
17
35.3
34.2
55.5
76.1
93.6
1.5
0.018
1.75

inhibition of kinase activity. We have analyzed 2,314 structures from the Protein Data Bank that were
identified by sequence alignment using E=10 as the threshold. Several structures were identified with
non-trivial ligands overlapping somewhat with the area where 2.3.2 binds to ERK2. These include
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potential allosteric inhibitors of p38α and JNK [327-330]. However none of these are known to harbor
comparable FRS-sites, although the potential for allosteric regulation of kinase activity via this site
might be a common structural feature.
It has to be emphasized that the observed difference omit electron density (i.e. Fo−Fc map calculated
in the absence of ligand) is not by itself conclusive of the 2.3.2 binding. However, the additional density
observed with 2.3.2 was not observed for the ERK2 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). 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, crystallographic evidence alone can
only suggest the possibility of the 2.3.2 binding in the detected location on the protein surface, and
critical support for 2.3.2 binding to the FRS on ERK2 comes from further computational studies and
biochemical evidence presented below.
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 Å of ligand in 2.3.2-ERK2 crystal structure: His178, Thr179, Gly180,
Phe181, Leu182, Ile196, Met197, Leu198, Asn199, Ser200, Tyr203, Tyr231, Asn255, Lys257, Ala258,
and Tyr261, 11 of which were also identified by the CADD binding site prediction (Table 3.3).
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Figure 3.4. 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 1), Thr183 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 (2Fo-Fc) map contoured at 1σ is shown. (C) 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
[74]. This Figure was generated by Dr. Edwin Pozharski.
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Consistent with this, 2.3.2 has significant overlap with the putative binding site identified for the FRS
based on the BR analysis (Figure3.1); the sphere set shown in Fig. 3.1 corresponds to set c1 on 2ERK
(Table 3.3). 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 ERK2 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 [331]), they are expected to exhibit shifts in atomic positions that are ~0.4 Å. As indicated by
percentile-based spread (p.b.s. [332]), somewhat larger differences (0.95 Å) are observed between
backbone atoms of active and inactive ERK2 (PDB IDs: 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 Å) and active ERK2
(0.67 Å). Inspection of the structural differences for individual residues reveals that most of the
structural shifts are within expected range (Figure 3.4), while larger changes are observed for four
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stretches of the sequence that form a continuous epitope surrounding and including the activation loop.
Figure 3.4D shows the superposition of the three structures and highlights the conformational change.
The 2.3.2 binding site in inactive ERK2 is occupied by Phe181/Leu182; 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 ERK2 in a similar but not
identical fashion.

3.4.4.3 Computer-aided drug design, organic synthesis and biological analyses validated 2.3.2 as a
viable lead compound for further optimization
To further validate 2.3.2 as a viable lead compound for future optimization, the design and synthesis
of analogs was undertaken using the SILCS methodology. SILCS 3D FragMaps obtained from SILCS
simulations initiated from the 2.3.2-ERK2 crystal structure are shown in Figure 3.5A overlaid on the
crystal structure obtained. 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 [280]. Visual analysis reveals 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 indicates that the addition of nonpolar moieties to the ring may improve affinity.
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Accordingly, 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 (∆LGFE) relative to 2.3.2 (Figure
3.5B). As shown, hydrophobic modifications are indicated to increase activity (Figure 3.5B).
Accordingly, the p-CH3, biphenyl and napthyl analogs were synthesized in Dr. Steven Fletcher’s
laboratory and, along with 2.3.2 (also referred to as SF-3-026), tested in biological assays.
Initial testing of 2.3.2 and analogs evaluated phosphorylation of the transcription factor c-Fos, which
is an F-site containing ERK substrate. First, the substrate selective effects of the 2.3.2 analogs on the
phosphorylation of c-Fos were examined in EGF stimulated HeLa cells. As shown in Figure 3.5C, all
of the compounds inhibited the phosphorylation of c-Fos at Thr232, but not at Ser374, and reduced cFos protein expression levels. Compound SF-3-029 and SF-3-030, with the largest ∆LGFEs, appeared
to be the most effective inhibited c-Fos expression similarly to the known MEK1/2 inhibitor, U0126
(Fig. 2c). In addition, the phosphorylation and expression of other Fos-family proteins, including Fra-1
and FosB, were also inhibited by the compounds (Figure 3.5C). These data are in agreement with
previous reports that ERK1/2-mediated phosphorylation regulates Fos-family proteins [91, 95, 96, 100].
All of the compounds showed a more potent inhibition of ERK1/2-mediated phosphorylation of Elk-1
as compared to the D-domain substrate RSK-1 and phosphorylations of ERK1/2 or MEK1/2 proteins
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were affected at the dose tested (Figure 3.5D).

Figure 3.5. SILCS identified analogs of 2.3.2 inhibit FRS-containing substrates in HeLa cells. (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 (∆LGFE) for 2.3.2 (SF-3-026) and analogs (SF-2-027, SF-2-029, SF2-030. (C) Compound 2.3.2 and analogs inhibit phosphorylation of F-site containing substrates c-Fos,
Fra1 and reduce their protein levels. HeLa cells were pretreated with 50 µM 2.3.2 or analogs (SF-3-027,
SF-3-029, SF-3-030) and then stimulated with 25 ng/mL EGF for 10 min. Cell lysates were
immunoblotted for phosphorylated and total c-Fos and Fra1. (D) 2.3.2 and analogs preferentially inhibit
FRS-containing substrate ELK1 over DRS-containing substrate RSK1. Lysates from cells treated as in
(C) were immunoblotted for phosphorylated Elk-1, phosphorylated and total levels of RSK-1, ERK1/2,
and MEK1/2. In (C) and (D), α-tubulin expression was used as a protein loading control. Data are
representative of one of three independent experiments. Panel A was generated by the Mackerell
laboratory.
93

Figure 3.6. Compound 2.3.2 and selected analog SF-3-030 inhibit AP-1 in HeLa cells. (A) Compound
2.3.2 dramatically reduces the protein level of AP-1 components c-Fos and Fra1 in cells. Cells were
pretreated with 50 µM 2.3.2 (SF-3-026) for 1 hour and stimulated with 25 ng/mL EGF for 10, 30 or 60
minutes. Cell lysates were immunoblotted for phosphorylated and total AP-1 components c-Fos and
Fra1. (B) Analog SF-3-030 from SILCS simulation shows higher potency than the parent compound
2.3.2 in inhibiting c-Fos and Fra1. Cells were pretreated with increasing concentration of 2.3.2 (SF-3026) or analog SF-3-030 for 1 hour and stimulated with 25 ng/mL EGF for 30 minutes. Cell lysates
were immunoblotted for phosphorylated and total AP-1 components. Phosphorylated and total levels of
ERK1/2 are also shown. In (A) and (B), α-tubulin expression was used as a protein loading control. Data
are representative of one of three independent experiments.
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Growth factor-mediated expression of c-Fos occurs within 30-60 min. [98], whereas Fra-1
expression is somewhat delayed due to c-Fos and AP-1 regulation of the Fra-1 promoter [333]. To
evaluate the effects of 2.3.2 on growth factor-mediated induction of c-Fos and Fra1, HeLa cells were
treated for various times with EGF and cell lysates were evaluated for c-Fos and Fra1 phosphorylation
and expression. As expected, c-Fos expression showed a robust increase after 30 min. exposure to EGF,
whereas Fra1 expression was highest after 60 min. (Figure 3.6A). While U0126 inhibited the
phosphorylation of c-Fos and Fra1, it was more potent at inhibiting Fra1 expression compared to total
c-Fos. In contrast, compound 2.3.2 was less potent at inhibiting phosphorylation as compared to U0126
but caused a dramatic decrease in c-Fos and Fra1 protein levels (Figure 3.6A). In addition, similar to
U0126, 2.3.2 treatment caused c-Fos to migrate faster through the polyacrylamide gel suggesting other
phosphorylation sites are being inhibited.
Given the apparent enhanced potency of compound SF-3-030 as compared to 2.3.2, the effects of
each compound on c-Fos and Fra1 expression were compared following a 30 min. exposure to EGF
when c-Fos levels are high. Both compounds showed a dosed dependent inhibition of c-Fos and Fra1
expression with SF-3-030 showing higher potency (Figure 3.6B).
To test whether inhibition of c-Fos, Fra1, and Elk-1 phosphorylation by 2.3.2 and its analogs affected
transcription factor functions, HeLa cells expressing reporter constructs in which the luciferase gene is
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placed downstream to the activator protein-1 (AP-1) binding site or serum response element (SRE),
which are regulated by Fos family or Elk-1 proteins, respectively, were treated with the test compounds
in the context of EGF stimulation. 2.3.2 inhibited c-Fos-dependent AP-1 and Elk-1-dependent SRE
promoter activity in a dose-dependent manner (Figure 3.7A). Similarly, the 2.3.2 analogs also showed
a dose dependent inhibition of AP-1 and SRE promoter activity with SF-3-029 and SF-3-030 showing
the most robust inhibition of the AP-1 promoter with approximate IC50 values of less than 10 µM (Figure
3.7B and C), which further supported the SILCS predicted modifications. 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 drives ERK1/2 activation. As shown in Figure 3.7D,
MEK1-induced AP-1 promoter activity could be inhibited with the MEK1/2 inhibitor, U0126, or a
previously reported ATP-dependent pyrazolylpyrrole ERK inhibitor [276]. Similarly, 2.3.2 and its
analogs caused dose-dependent inhibition of AP-1 promoter activity with SF-3-029 and SF-3-030
showing approximate IC50 values of 5-10 µM (Figure 3.7E).
To evaluate whether selective inhibition of AP-1 proteins and function affected cell proliferation,
A375 melanoma cells, which have constitutively active ERK1/2 due to an activating valine to glutamate
mutation on residue 600 in B-Raf [334], and RPMI7951 melanoma cells, which also contain mutated
B-Raf but are resistant to B-Raf inhibitors due to the overexpression of MAP3K8 (the gene encoding
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COT/Tpl2) that re-activates ERK1/2 proteins [335, 336], were treated with varying doses of 2.3.2 or
analogs. For comparison, HeLa cervical carcinoma and Jurkat T-cell leukemia cells, which are p53
defective cancer cell lines but contain no known activating mutations in the ERK1/2 pathway [337-340],
were also treated with test compounds. Compound 2.3.2 and each of the analogs showed a dosedependent inhibition of each cell line; however the A375 and RPMI7951 melanoma cells were more
sensitive to the test compounds with GI50 values 5-10 fold lower than the HeLa or Jurkat cells (Figure
3.8A-D, Table 3.6).
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Figure 3.7. Compound 2.3.2 and analogs inhibit the transcription factor function of Elk-1 and c-Fos.
(A) HeLa cells were transfected with reporter constructs in which the expression of luciferase gene is
controlled by SRE or AP-1 binding site. Cells were then stimulated with EGF in the presence or absence
of 2.3.2 for 4 hours followed by measurements of luciferase activity. Cells treated with 10 μM U0126
were used as a positive inhibitor control. (B and C) HeLa cells were prepared and treated as in (A) with
the indicated concentrations of 2.3.2 (SF-3-026) or analogs for 4 hours followed by the measurement of
luciferase activity regulated by the SRE (B) or AP-1 (C) reporter constructs. Data in (B and C) were
normalized to EGF-only treatment and represent the mean and standard deviation from three
independent experiments. (D) Compound 2.3.2 and analogs inhibit MEK1-induced AP-1 transcription
factor function. HeLa cells were transfected with the AP-1 promoter construct and a constitutively active
MEK1 mutant in the presence (10 μM) or absence of the MEK1/2 inhibitor (U0126) or an ATPcompetitive ERK inhibitor for 4 hours followed by measurements of luciferase activity. (E) Cells
expressing the AP-1 promoter and an active MEK-1 construct were treated with the indicated
concentrations of 2.3.2 (SF-3-026) or analogs for 4 hours followed by the measurement of luciferase
activity. Data in (E) were normalized to active MEK1-only treatment and represent the mean and
standard deviation from three independent experiments.
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Figure 3.8. Dose dependent inhibition of cancer cell proliferation in vitro by 2.3.2 and analogs.
A375 (closes circles), RPM17951 (closed squares), HeLa (open circles), or Jurkat (open squares) cells
were treated for 48 hours with indicated concentration of (A) 2.3.2 (SF-3-026), (B) SF-2-027, (C) SF2-029, or (D) SF-2-030 and cell proliferation was assessed by Wst-1 assay. Corresponding GI50 values
are shown in Table 3.6.
Table 3.6. GI50 values (μM) for 2.3.2 (SF-3-026) and analogs in cancer cell lines.
GI50
SF-3-026
SF-3-027
SF-3-029
SF-3-030

A375
11.0
10.0
8.0
8.7

RPMI7951
6.9
7.1
10.0
6.0

HeLa
> 100
> 100
53
73

Jurkat
53
52
51
50

The mechanism of melanoma cell growth inhibition for SF-3-030 involved a dose dependent
increase in caspase activity, which correlated inversely to cell viability (Figure 3.9). In addition, 2.3.2
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analogs inhibited the expression of Fos family proteins and AP1 activity in A375 cells (Figures 3.10 and
3.11). The inhibition of Fos family of proteins by 2.3.2 compounds appeared to be selective as the
phosphorylation of other ERK1/2 substrates was not inhibited (Figure 3.10). These findings provide
further evidence that 2.3.2 and its analogs can target ERK1/2 signaling and selectively inhibit progrowth and survival pathways, which may sensitize cancer cells with activated ERK1/2 signaling to
growth inhibition and be used to augment the effects of anti-cancer drugs [341, 342].

Figure 3.9. 2.3.2 analog SF-3-030 induces cell death by a mechanism involving activation of caspase3/7
in A375 cells but not HeLa cells. For caspase 3/7 assay, 25,000 cells were plated in 96 well plates. Cells
were treated with increasing amount of compound SF-3-030 as indicated for 24 hours. luminogenic
substrate and luciferase were then added to cells and incubated for 1 hour before luminescence being
measured on a SpectraMax M5 plate readers. In a parallel experiment, cells were prepared and treated
in the say way and cell viability was measured by using the CellTiter-Blue cell viability assay kit.
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Figure 3.10. 2.3.2 and analogs selectively inhibited expression of AP-1 components in A375 cells. (A).
A375 cells were pretreated with 100 µM 2.3.2 or its analog for 1 hour. Cell lysates were immunoblotted
for protein levels of phosphorylated and total AP-1 components, including c-Fos, Fra1 and FosB. (B).
Phosphorylated ELK1, phosphorylated and total levels of RSK-1, ERK1/2, and MEK1/2 are also shown.
α-tubulin expression was used as a protein loading control. (C) Lysates from cells treated in the presence
of increasing concentration of 2.3.2 or analog SF-3-030 were blotted for levels of phosphorylated and
total AP-1 components including c-Fos, Fra-1 and FosB. α-tubulin expression was blotted for protein
loading control. Data are representative of one of three independent experiments. In (A), (B) and (C),
U0126 was used at the concentration of 10 μM.
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Figure 3.11. 2.3.2 and its analogs inhibited AP-1 activity in a dose dependent manner in A375 cells.
A375 cells were transfected with 0.5 µg AP-1 promoter construct. 24 hours later, cells were treated with
the indicated concentrations of 2.3.2 (SF-3-026) or analogs for 4.5 hours followed by the measurement
of luciferase activity. Data were normalized to solvent DMSO treatment and represent the mean and
standard deviation from three independent experiments.

3.5 Discussion
Targeted inhibition of the ERK signaling pathway has received much attention given the presence
of activating mutations in receptor tyrosine kinases, Ras G-proteins, and B-Raf [343-346]. However,
therapies targeting mutated B-Raf or MEK proteins invariably lead to drug resistance and it has been
suggested that ERK inhibitors may have utility in overcoming this resistance [347]. Indeed, a recent
study reports that ATP-dependent ERK inhibitors may overcome cancer cells with acquired resistance
to MEK inhibitors [348]. Similarly, the new ATP-independent compounds presented in the current
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studies were almost twice as potent at inhibiting the drug resistant RPMI7951 melanoma cells (Figure
3.8 and Table 3.6) compared to the mutated BRaf inhibitor, PLX4720, which has a GI50 of ~11 µM from
our own research [349] and that of others [335]. Most small molecule kinase inhibitors being used or
evaluated in the clinic act by competing with ATP binding or affect allosteric sites near the ATP binding
and catalytic site to cause complete inhibition of signaling. A frequent cause of resistance to these kinase
inhibitors is the development of mutations in the ATP binding and catalytic site, which subsequently
block inhibitor interactions [350]. A more subtle approach using ATP-independent inhibitors of kinase
regulation of select substrates, as we propose, is advantageous for a few reasons: 1. The ATP binding
site is conserved among all protein kinases, whereas the ERK docking domains have homologous
structure only in the MAPK family. Therefore, there is much less chance for an inhibitor targeting an
ERK docking domain to cause off-target effects then an ATP-competitive inhibitor. 2. ERK1/2 play
critical roles in a variety of physiological processes. An ATP-competitive or allosteric inhibitor blocks
all ERK activity indiscriminately. In contrast, ERK inhibitors targeting substrate docking domains
inhibit only a subset of ERK substrates. Naturally, a docking domain- targeting ERK inhibitor may
cause less toxic effects to normal tissues than a conventional ERK inhibitor.
The findings in the current study corroborate our previous work describing DRS targeted compounds
that inhibit ERK-mediated phosphorylation of the pro-survival protein RSK-1 and allows re-activation
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of the apoptosis-inducing Bcl-2-associated death promoter (BAD) protein, which is a downstream
effector of RSK-1 [225, 227]. Other reports have described the identification of substrate selective
inhibitors of the p38α MAP kinase as a potential approach to improve selectivity in regulating
inflammatory responses [351]. These studies found, by using deuterium exchange mass spectrometry,
that the inhibitor targeted the active site of p38α MAP kinase and caused perturbations in residues that
made up the DRS region on this kinase, which allowed the inhibitor to discriminate between the Ddomain containing substrates MAPK-activated protein kinase 2 (MK2) and activating transcription
factor 2 (ATF2). 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 [327]. 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. New approaches to targeting kinases along with
alterations in dosing regimens in the context of preventing resistance to mutated B-Raf inhibitors used
to treat melanoma [352] may improve therapeutic outcomes.
While the present results indicate selective inhibition of the phosphorylation of substrate proteins by
the studied inhibitors, selectivity is not absolute. This is evident in the substrate phosphorylation results
showing inhibition of the D-domain substrate at higher concentrations of test compound (Figures 3.3
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and 3.5). In addition, partial specificity was previously demonstrated by DRS targeted inhibitors, which
inhibit ERK-mediated caspase-9 and RSK-1 phosphorylation and sensitize transformed cells to undergo
apoptosis [227].
Three 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 (Figure 3.1). 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) [353] and MAP kinase phosphatase-3 (PDB ID: 2fys and
1hzm) [209, 354] are available. These peptides bind primarily to the DRS, though the C-terminal regions
of the peptides extend towards putative binding site 2. 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.
The second possible contribution is the potential for long-range perturbations of the protein
associated with mutations and/or inhibitor binding. For example, phosphorylation of Thr183 and Tyr185
in ERK2 leads to local changes of up to 10 Å in the protein backbone around the activation loop as well
as long-range changes in the L16 loop and rotation of the N-domain relative to the C-domain by 5˚ [52,
282, 355]. Comparison of the crystal structures of the inactive, activated and 2.3.2-bound forms of ERK2
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revealed no significant conformational differences in the DRS (Figure 3.4). However, changes in the
dynamic properties of the proteins are evident based on difference in the correlation of the motion of
residues in the activation loop and the DRS based on MD simulations. Such alterations could result in
binding of 2.3.2 to the FRS leading to partial inhibition of interaction of the ERK2 DRS domain with
RSK-1 (Figures 3.3 and 3.5). Indeed, previous experiments have shown that phosphorylated ERK2 has
altered binding to substrate proteins as compared to unphosphorylated ERK2 [356], consistent with the
present results. In the context of substrate interactions with the FRS on ERK, conformational changes
associated with the active phosphorylated form of ERK2 were reported to promote interactions with Fsite substrates [211]. 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 [357]. 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.
Third, the FRS is located in the vicinity of the catalytic center of ERK1/2. As is shown in Figure
3.4, binding of 2.3.2 induces local conformational changes around the catalytic center. Therefore, it is
conceivable that the binding of this compound may interfere with the phosphoryltransfer reaction to
some degree regardless of the substrates.
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The Fos family transcription factors play important roles in a broad range of tumors [333]. Our data
showed that compound 2.3.2 and its analogs strongly inhibited the transcriptional activity of the AP1
complex. Further analyses demonstrated that these compounds significantly reduced the protein level
of c-Fos, Fra1 and FosB in cells (Figures 3.5 and 3.6). Therefore, 2.3.2 and analogs are promising
candidates for further development into therapeutic reagents against cancer.
It has been well known that ERK1/2 regulates the degradation of c-Fos and Fra-1 by phosphorylating
them at certain locations [100]. This can partially explain why compounds 2.3.2 and analogs reduced
the protein level of c-Fos and Fra1. However, in addition to promoting degradation of these AP-1
components, the possibility that these compounds cause reduction in the transcription activity of these
proteins cannot be excluded and must be investigated. Additionally, c-Fos has been identified as an
ERK5 substrate. Given the high homology between ERK1/2 and ERK5, the possibility that these
compounds target AP-1 through ERK5 must be explored.
In summary, a combination of computational and experimental methods has been used to identify a
class of low-molecular weight compounds that bind to the ERK2 docking domain that interacts with Fsite containing substrates. These compounds inhibit the phosphorylation and function of F-site
containing ERK substrates involved in regulating gene expression and promoting cell proliferation. The
availability of these compounds will facilitate investigations into the biological function of ERK1/2-
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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
Regulation of protein kinase C isoform phosphorylation and activity through a non-canonical
extracellular signal – regulated kinase-1 and 2 (ERK1/2) dependent mechanism

4.1 Abstract
Protein kinase C (PKC) isoforms play important roles in the regulation of a variety of cellular
processes. The activity of PKC isoforms is regulated by cofactors and post-translational modifications
including phosphorylation. While evidence supports a role for phosphorylation in regulating PKC
stability, there are still questions that remain unanswered as to how specific phosphorylation events
occur, their role in PKC isoform activity, and ultimately cellular processes. Here we present evidence
that activation of the extracellular signal-regulated kinase (ERK1/2) pathway mediates the
phosphorylation of a conserved serine residue within a C-terminal hydrophobic motif on the
conventional PKCβII and novel PKCδ isoforms. Growth factor or phorbol ester-mediated PKCβII/δ
phosphorylation and activity were inhibited by MEK1/2 and ERK1/2 inhibitors. Moreover, expression
of a constitutively activated MEK1 mutant was sufficient to induce phosphorylation of PKCβII/δ and
downstream PKC substrates. Examination of the mechanism of action indicated that neither PDK1 nor
mTOR activation was required for ERK1/2-dependent PKCβII/δ phosphorylation. Additionally,
blockage of ERK1/2 signaling inhibits PKC substrate phosphorylation and PMA-induced cell migration.
These data reveal a novel mechanism by which ERK1/2 signaling regulates PKC phosphorylation and
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functions, suggesting that inhibition of ERK1/2 signaling may find uses in treating PKC isoform-related
diseases and conditions such as cancer, immune disorders and diabetic complications.

4.2 Introduction
The protein kinase C (PKC) family of serine/threonine kinases represents a large group of
phospholipid dependent enzymes that play critical roles in regulating the functions of proteins that
control an array of cellular processes including proliferation, differentiation, migration, and cell death.
Dysregulation of PKC isoforms and activity is implicated in pathological conditions such as cancer
[358-361], complications associated with diabetes [362-364], cardiovascular disease [365, 366], and
inflammatory disease [367-369]. The first PKC family members were described to be activated by
diacylglycerol (DAG), which was generated by hydrolysis of phosphatidylinositol phospholipids, and
calcium [370-372]. Since then, 9 PKC isoforms encoded by different genes have been identified. Based
on their structural properties and requirements for DAG and calcium for activation, PKC isoforms are
classified into three subgroups (Figure 4.1). Classical or cPKCs (α, β, γ) have two C1 domains and a
C2 domain where DAG and calcium bind respectively. Accordingly, cPKCs are activated by DAG and
calcium. Novel or nPKCs (δ, θ, ε, η) have two C1 domains but lack a canonical C2 domain. As a result,
nPKCs can be activated only by DAG but not calcium. Atypical or aPKCs (ι, ζ) contain only a single
C1 domain which is not capable of DAG binding. Not surprisingly, aPKCs don’t require either DAG or
calcium for activation. Instead, they are activated by distinct lipids (ceramides, phosphatidylserine,
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phosphatidylinositol 3, 4, 5-triphosphate), as well as phosphorylation and protein-protein interactions
[373-376].
Regulation of PKC isoforms occurs through constitutive or inducible phosphorylation of a variety
of serine, threonine, and tyrosine residues [377]. While the role of each of these phosphorylations in
regulating PKC functions is still being determined, three serine or threonine sites in the C-terminal
region and include activation-loop (A-loop), the turn motif (TM) and the hydrophobic motif (HM) have
been best characterized. While all three sites are conserved among cPKC and nPKC isoforms, the aPKC
proteins do not contain an HM phosphorylation site but instead possess a negatively charged glutamic
acid, which may mimic a constitutively phosphorylated state. Initial studies suggested that before being
activated by DAG and calcium, PKC proteins undergo a maturation process which involved autophosphorylation at these three sites to stabilize the protein following translation [378]. However, more
recent studies indicate that phosphorylation of these sites is important for PKC activity and can be
mediated by other kinases in response to various stimuli and signaling pathways [377, 379-383].
Phosphorylation of the A-loop is crucial for the catalytic activity of most PKC isoforms as
demonstrated by substitution of non-phosphorylated residues that prevent activity. Conversely,
substitution of the A-loop threonine residue with a negatively charged residue can restore PKC activity
in most cases [379, 380, 384-389]. As previously mentioned the A-loop was thought to be constitutively
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phosphorylated and was needed to prime PKC isoforms for activation or to maintain enzyme stability.
However, more recent findings indicate that PKC phosphorylation events are inducible and that PKC
isoforms fluctuate between hypo- and hyper-phosphorylated states [[377]. There is convincing evidence
demonstrating that phosphorylation of PKC isoforms on the A-loop is catalyzed by phosphoinositidedependent protein kinase-1 (PDK-1) [387, 388, 390, 391]. In addition, other kinases that have been
reported to phosphorylate the A-loop threonine of PKC isoforms include 5’-AMP-activated protein
kinase (AMPK) and an apparent kinase activity associated with biliverdin reductase [392, 393].
Phosphorylation at the TM and HM motifs of PKC isoforms generally promotes protein stability
[385, 394-397]. However, the importance of the TM and HM phosphorylation sites in regulating PKC
catalytic activity may be isoform dependent. For example, TM phosphorylation has been reported to be
required for enzymatic activity in PKCβI [398], PKCβII [399], and PKCζ [397], but not in PKCα [400].
The HM phosphorylation site was demonstrated to regulate enzymatic activity of PKCθ [386] and
PKCβII [401]. Moreover, studies have provided conflicting evidence for the dependence on TM and
HM phosphorylation in regulating PKCα [402, 403], PKCδ [404, 405] and PKCζ activity [397, 406],
suggesting that the effects of phosphorylation at these sites can be cellular context-dependent.
Initial reports indicated that PKC proteins undergo autophosphorylation at both the TM and HM
sites [404, 407, 408]. However, a number of reports suggest a critical role for the mammalian target of

112

rapamycin (mTOR) pathway in phosphorylating these sites. For example, the mTORC2 complex is
required for TM phosphorylation of some, but not all, PKC isoforms [409-411]. The mTORC2 complex
has also been implicated in HM phosphorylation of PKCα in mouse embryonic fibroblasts [409, 412,
413], while mTORC2 also influences PKCθ phosphorylation at this site in T lymphocytes [411].
Additionally, phosphorylation of PKCδ and PKCε at the HM site has been found to be sensitive to
rapamycin treatment in human embryonic kidney cells, implicating a role for mTORC1 in HM
phosphorylation of these isoforms [408, 414]. In addition to the conserved A-loop, TM, and HM
phosphorylation sites, a number of novel phosphorylation sites on PKC family members have been
identified. While some of these sites have been found to be constitutively phosphorylated, other sites
undergo inducible phosphorylation in response to certain stimuli and their roles in regulating PKC
isoform function is still being determined [377].
In the recent years, increasing evidence has shown that the MAPK/ERK and PKC pathways can
form a positive feedback loop in which ERKs and PKCs reinforce each other (Figure 4.2). It has been
well established that PKCs can activate ERK1/2. PKC-dependent ERK1/2 activation has been observed
in a variety of types of cells [415-420]. PKCs activate ERK1/2 by two mechanisms: PKCs activate cRaf by directly phosphorylating it [421] or by phosphorylating and releasing c-Raf from Raf kinase
inhibitory protein (RKIP), which binds to c-Raf and prevents it from phosphorylating MEK1/2 [417]
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[422]. PKCs can also activate ERK1/2 by forming a complex with MEK1/2 and phosphorylating them
directly [423, 424].

Figure 4.1. Structures of PKC isoforms. The conserved DAG binding domain C1a/C1b is shown in
yellow, the Calcium binding domain C2 is shown in blue, the ATP binding domain is shown in red, and
the substrate binding domain is shown in orange. Three conserved phosphorylation sites on PKC are
also shown: activation loop (A-loop), the turn motif (TM) and the hydrophobic motif (HM). The
numbering is based on the amino acid sequence of PKCβII. The established or proposed phosphorylation
mechanisms for these conserved sites are also shown.
On the other hand, a chain of evidence suggests that ERK1/2 can also activate PKCs. MAPK can
phosphorylate and activate cytosolic phospholipase A-2 (cPLA2) [425, 426], and the Arachidonic
Acid (AA) produced by cPLA2 acts synergistically with DAG to activate PKC [427, 428]. Based on
these findings, a positive feedback loop between PKC and ERK was proposed in a computational study,
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and the consequence of signal flow from EGF receptor through two interconnected pathways, the PLCγPKC pathway and the Ras/Raf/MAPK pathway, was simulated. The simulation results showed that the
positive feedback loop could enable sustained ERK1/2 activation after the extracellular signal was
withdrawn [429]. Experimental data has provided support for the existence of this feedback loop in the
recent years [430].
In addition to the cPLA2-AA-PKC route, recent studies suggested that ERK could potentially
activate PKC through mTORC1 by a number of mechanisms. The mTORC1 complex is composed of
mTOR, regulator associated protein of mTOR(Raptor), proline-rich AKT substrate 40 KDa (PRAS40),
DEP domain TOR binding protein (Deptor) and mammalian lethal with Sec-13 protein 8 (mLST8, also
known as GL) [431-435]. ERK can directly phosphorylate Raptor at proline-directed sites Ser8, Ser696
and Ser863 and promote mTORC1 activation [436]. ERK-activated RSKs can phosphorylate raptor at
Ser719, Ser721 and Ser722 and enhance mTORC1 activation as well [437].
ERK1/2 could also activate mTORC1 by disabling its upstream inhibitor - the tuberous sclerosis
complex1 (TSC1/ TSC2). TSC1 and TSC2 genes were originally identified respectively as the tumor
suppressor genes mutated in the tumor syndrome tuberous sclerosis [438-440]. In cells, these proteins
mainly act as a complex [441, 442]. Functioning as a molecular switch, this complex suppresses
mTORC1 under stress conditions and releases its inhibition under favorable conditions [443, 444]
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through Rheb, a member of the Ras superfamily GTPases [445]. ERK can phosphorylate TSC2
primarily at Ser664 [446, 447], leading to dissociation of the TSC1/TSC2 complex, which in turn
activate mTORC1 through Rheb by an unknown mechanism. Alternatively, ERK1/2 can activate
RSK1, which in turn phosphorylates TSC2 at Ser1789 and to a less degree, the two conserved AKT
sites Ser939 and Thr1462, and activates mTORC1 [448-450].
As such, the activity of PKC isoforms can be tightly regulated by post-translational modifications
including phosphorylation. Although PKC has been conventionally considered upstream to ERK1/2,
indirect evidence has suggested that ERK1/2 also have the potential to modulate PKC activity as
upstream regulators. In fact, in our effort to characterize substrate-targeting ERK inhibitors, we noticed
that inhibition of ERK by either MEK inhibitor U0126 or compound 2.3.2 could inhibit phosphorylation
of the HM site of PKCβII/δ. These observations prompted us to further investigate the role of ERK1/2
in regulating PKCβII/δ phosphorylation and PKC isoforms-mediated cell function.
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Figure 4.2. Interactions between PKC and ERK pathways. PKC activates ERK by activating C-Raf
either directly by phosphorylating C-Raf or indirectly by phosphorylating RKIP. ERK in turn activates
PKC by different means: 1. ERK activates cPLA2, which catalyzes release of AA, resulting in PKC
activation. 2. ERK and its downstream effector molecule RSK activate the mTORC1 complex either by
phosphorylating the positive regulatory subunit Raptor or through a TSC2/RheB/mTORC1 route, which
in turn activates PKC.

Our data show that ERK1/2 activate PKCβII/δ phosphorylation at the hydrophobic motif independent
of the PDK1 and mTOR kinase activities. Additionally, ERK1/2 promote PMA-induced cell migration.
Together, our data provide direct evidence showing that not only can ERK1/2 proteins act as a
downstream mediator of PKC activity and function, they can also act as upstream regulators of them.
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4.3 Materials and Mehtods
4.3.1 Antibodies
Phospho-specific antibodies against pan-pPKC (Ser660), pPKCα/βII (Thr638/641), pPKCδ/θ
(Ser643/676), pPKCθ (Thr538), pMEK1/2 (Ser221), pAKT(Ser473), pAKT(Thr308), pp70S6K
(Ser389), phospho-(Ser) PKC substrates and total p70S6K were purchased from Cell Signaling
Technology. Antibodies against pERK1/2 and α-tubulin were provided by Sigma-Aldrich. Antibodies
against pPKCβII/δ (Ser660), MEK1 and ERK2 were obtained from Santa Cruz Biotechnology.

4.3.2 Cell culture and chemical reagents
Human cervical epithelial carcinoma HeLa cells (ATCC), human melanoma SKMEL28 cells and
human melanoma A375 cells were grown in DMEM (Life Technologies) supplemented with 10% fetal
bovine serum, 1% pen/strep, 4.5 g/L D-Glucose, 110 mg/L sodium pyruvate and L-glutamine. Human
colorectal carcinoma T84 cells (ATCC) were grown in DMEM/F-12 50/50 medium supplemented with
5% fetal bovine serum. Cells were maintained in a CO2 incubator (5% CO2, 37 ˚C). The MEK1/2
inhibitor U0126 and phorbol myristate acetate (PMA) were purchased from Cell Signaling technology,
pyrazolylpyrrole ERK1/2 inhibitor was obtained from Santa Cruz Biotechnology; mTOR inhibitor
rapamycin; PKC inhibitors Calphostin C and Bisindolylmaleimide I, PDK1 Inhibitor I, PI3K inhibitor
LY29004 and AKT inhibitor 1L6-Hydroxymethyl-chiro-inositol-2-(R)-2-O-methyl-3-O-octadecyl-sn glycerocarbonate were acquired from EMD Millipore. Epidermal growth factor (EGF) was obtained
from Sigma-Aldrich.
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4.3.3 Cell transfection
Plasmids pcaMEK1, pMEK1-DN and pERK2-DN were transfected into HeLa cells with
Lipofectamine® 2000 (life technologies) by following the manufacturer’s instruction. Briefly, 1 x 105
cells per well were plated in a 12 well tissue culture plate 16 hours prior to transfection. For each
transfection, 1 µg plasmid DNA was diluted into 50 µL Opti-MEM® Reduced Serum Medium to make
solution A; 2.5 μl Lipofectamine® 2000 Reagent was diluted into 50 μl Opti-MEM® Reduced Serum
Medium to make solution B. Solution A was then mixed with solution B and the mixture was incubated
for 15 minutes at room temperature. The mixture was added onto the cells drop wise. Transfected cells
were treated as indicated in the Figures.

4.3.4 Immunoblotting
Cells were treated as indicated in the figures and lysed with SDS-PAGE sample buffer and heated
to 95C for 5 min. Cell lysate samples were resolved by SDS-PAGE and transferred onto PVDF
membrane. The membrane was blocked with 5% nonfat milk, incubated with primary antibodies at 4°C
overnight followed by incubation with HRP-conjugated secondary antibodies (KPL) for 1 hour at room
temperature. The antibody–antigen complex was visualized with SuperSignal West Pico
Chemiluminescent Substrate (Thermo Scientific) and developed on Kodak Biomax Light Film (SigmaAldrich).
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4.3.5 Gap closure assay
T84 cells were grown to confluence in 12 well tissue culture plates. Linear mechanical wounds were
generated in each well by scratching cells with a sterile pipette tip (1.5 mm diameter). Wounded
monolayers were washed twice with PBS to remove detached cells and debris, and incubated with serum
free DMEM medium containing the appropriate treatment. Cells were pretreated with inhibitors or
DMSO as solvent control for 1 hour prior to the addition of EGF or PMA. The rate of cell migration
into the open space was measured by determining the percentage ratio of the width of gaps 28 hours
later after treatment to that measured immediately after wounding (t=0). For control and each treatment,
4 pictures for randomly selected gaps were taken, width at four points which equally divided the length
of a gap was measured and the average was taken as the width of that gap. Averages from 4 gaps were
used to calculate means and standard deviation.

4.3.6 Statistical analysis
Student’s t-test was conducted to compare gap closure among TPA-stimulated cells with or without
inhibitor pretreatment. Differences were considered statistically significant when p-value <0.05 and
extremely significant if p-value<0.01.
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4.4 Results
4.4.1 ERK activation is required and sufficient to induce PKCβII/δ phosphorylation
at the hydrophobic motif
EGF and PMA are both potent activators of the ERK1/2 signaling pathway. The conventional
pathway for PKC proteins and regulation of the ERK1/2 signaling are through Ras-dependent and
independent mechanisms. Ras-dependent mechanisms involve PKC regulation of GTPases whereas
Ras-independent mechanisms involve direct phosphorylation of Raf kinase, which then phosphorylates
and activates MEK1/2 [451-454]. Despite their distinct mechanisms of ERK1/2 activation, both EGF
and PMA treatment induced phosphorylation of a conserved serine (Ser660) within the C-terminal
hydrophobic motif (HM) on PKCβII and δ isoforms in a manner that was dependent on MEK1/2
activation of ERK1/2 (Figure 4.3A) in HeLa cells. In contrast, activation of the stress activated MAP
kinases (p38 and JNK) by anisomycin failed to induce PKC phosphorylation (data not shown).
Human melanoma cell lines SKMEL28 and A375 are cells that harbor activating B-Raf mutations.
ERK1/2 are constitutively activated in these cell lines. Taking advantage of this genetic background,
effects of ERK inhibition on PKCβII/δ phosphorylation was investigated free from chemical stimuli. As
is shown in Figure 4.3B, PKCβII/δ phosphorylation occurred spontaneously in these cell lines, and both
MEK inhibitor U0126 and the pyrazolylpyrrole ERK1/2 inhibitor blocked PKCβII/δ phosphorylation in
these cell lines.
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A genetic approach was then applied to further confirm the dependence of ERK activation in
inducing HM phosphorylation of PKCβII/δ. As is shown in Figure 4.3C, expression of kinase-dead form
of either MEK1 or ERK2 reduced EGF induced HM phosphorylation in HeLa cells. In order to test
whether ERK activation is sufficient to induce PKCβII/δ phosphorylation, a constitutively activated
form of MEK1 was overexpressed in HeLa cells. Indeed, in line with activation of ERK1/2, PKCβII/δ
phosphorylation was induced (Figure 4.3D).

4.4.2 ERK activation precedes PKC phosphorylation at the hydrophobic motif upon
stimulation
Since ERK and PKC can potentially form a signaling cycle in which they reinforce each other, it is
important to determine which protein is the initiator in this process. This question was addressed by
examining the activation kinetics of ERK1/2 and PKCβII/δ in the same cells in response to EGF and
PMA treatments. As is shown in Figure 4.4, ERK1/2 activation precedes PKCβII/δ phosphorylation
irresponsive of the stimuli, suggesting that activation of ERK1/2 dictates phosphorylation of PKCβII/δ
but not the opposite.
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Figure 4.3. ERK1/2 activation is required and sufficient to induce PKCβII/δ phosphorylation at the
hydrophobic motif. (A). Hela cells were serum-starved overnight. Cells were pretreated with 10 μM
U0126 or solvent DMSO for 30 min and then stimulated with 25 ng/mL EGF or 200 nM PMA for 10
min. (B). SKMEL28 and A375 cells were serum starved overnight. Cells were then treated with 10 μM
U0126 or 10 μM pyrazolylpyrrole ERK inhibitor for 30 minutes. (C). Hela cells were transfected with
plasmids encoding kinase-dead mutant proteins as indicated. 24 hours later, cells were serum-starved
overnight before being stimulated with 25 ng/mL EGF for 10 minutes. (D). HeLa cells were transfected
with plasmid encoding a constitutively activated form of MEK1. 24 hours later, cells were serum-starved
overnight before being harvested for immunoblotting analysis.
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Figure 4.4. Phosphorylation of ERK1/2 precedes that of PKC upon EGF and PMA stimulations. HeLa
cells were serum-starved overnight. Cells were stimulated with 25 ng/mL EGF (A) or 200 nM PMA (B)
for the times indicated. Lysates were immunoblotted for PKCβII/δ phosphorylated at their hydrophobic
motifs. α-tubulin was blotted for loading control.

4.4.3 ERK1/2 activation seems to specifically induce PKCβII/δ phosphorylation at
the hydrophobic motif
Next, it was determined whether ERK1/2 signaling could affect the phosphorylation of other
conserved phosphorylation sites including those within the A-loop and TM. As is shown in figure 4.5,
phosphorylation of the TM on PKCα and PKCβ (Thr638/641) or PKCδ and PKCθ (Ser643/676) seemed
to be constitutive and unaffected by EGF or U0126 treatment. Similarly, the A-loop of PKCδ was
constitutively phosphorylated (Figure 4.5). In contrast, inducible phosphorylation of the A-loop on
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PKCθ (Thr538) occurred in response to EGF treatment (Figure 4.5). However, lack of inhibition by
U0126 indicated that signaling pathways other than the ones regulated by ERK1/2 are involved in this
phosphorylation event. Together, these data suggest that ERK1/2 signaling specifically regulates
phosphorylation of the hydrophobic motif on PKCβII/δ isoforms.

Figure 4.5. ERK activation does not affect phosphorylation of other PKC isoforms and other conserved
phosphorylation sites examined. HeLa cells were serum-starved overnight. Cells were pretreated with
10 μM U0126 or solvent DMSO for 30 minutes before being simulated with 25 ng/mL EGF. Lystates
were immunoblotted for phosphorylation of conserved phosphorylation sites on different PKC isoforms.
α-tubulin was blotted for loading control.

4.4.4 ERK-induced PKCβII/δ phosphorylation does not require PDK1 or mTOR
kinase activity
To explore the mechanism by which ERK1/2 promotes phosphorylation of PKCβII/δ, the
involvement of PDK1 and MTOR complexes (mTORC1 and mTORC2) was evaluated. As is shown in
Figure 4.6, although EGF is a potent activator of PI3K/PDK1, mTORC1 and mTORC2 activity as
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measured by phosphorylation of downstream substrates Akt (Ser473 for mTORC2 and Thr308 for
PDK1) or p70S6K (Ser389 for mTORC1), inhibitors of PI3K, PDK1, AKT, or mTORC1 had little effect
on EGF-induced phosphorylation of PKCβII/δ. However, when a pan phospho-PKC (Ser660) antibody,
which recognizes phosphorylation of the HM site on PKCα, βI, βII, δ, ε, η and θ, was used to probe the
same batch of samples, inhibition of mTORC1 and PDK1 did seem to have blocked phosphorylation of
several PKC isoforms (Figure 4.6). Given that PDK1 is the principle enzyme responsible for
phosphorylating the A-loop of PKC proteins, these data indicate that phosphorylation of the A-loop is
required for HM phosphorylation in some, but not all PKC isoforms.
Interestingly, while the PDK1 inhibitor dramatically changed the electrophoretic mobility of the
phosphorylated PKCβII/δ isoforms, reactivity against this phospho-specific antibody was intact
suggesting that other PKC phosphorylation sites are regulated by PDK1 (Figure 4.6). This is consistent
with PDK1 regulation of the A-loop and suggests that ERK1/2-mediated HM phosphorylation can be
uncoupled from phosphorylation at the A-loop. These findings argue against the idea that PKC isoforms
undergo autophosphorylation at the HM site once the A-loop gets phosphorylated. A similar effect was
observed with the broad spectrum ATP-competitive PKC inhibitor bisindolylmaleimide (Bis),
suggesting that phosphorylation of PKCβII/δ at the hydrophobic motif does not require their own kinase
activity (Figure 4.6). Moreover, EGF-induced PKC phosphorylation was not affected by Calphostin C
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(CalC), another broad spectrum PKC inhibitor which competes for DAG binding site, providing
additional evidence that autophosphorylation of PKC is not involved in ERK1/2–mediated PKC
phosphorylation (Figure 4.6). Importantly, both the MEK and ERK inhibitors blocked PKCβII/δ
phosphorylation but did not affect PI3K/PDK1/AKT and mTOR/p70S6K signaling (Figure 4.6),
suggesting that ERK1/2 regulates PKC isoform phosphorylation on the HM site through mechanisms
that do not require PDK1 or mTOR activity.

4.4.5 ERK activation affects phosphorylation of PKC substrates
To further explore the biological relevance of ERK1/2 mediated phosphorylation of PKC isoforms,
we determined the effects of ERK1/2 pathway inhibitors on EGF -induced PKC substrate
phosphorylation as a measure of PKC activity. As shown in Figure 4.7, EGF treatment induced
phosphorylation of PKC substrates with apparent molecular weight of 33 and 38-40 kDa (indicated with
arrows), which could be inhibited by the MEK and ERK1/2 inhibitors. Inhibition of PDK1 also
resulted in the inhibition of PKC substrate phosphorylation although different proteins were affected
as compared to ERK1/2 pathway inhibition (Figure 4.7). These data indicate that ERK1/2 and PDK1
have distinct roles in regulating PKC activity and substrate phosphorylation. As expected, the
phosphorylation of most PKC substrates was inhibited in the presence of the broad spectrum PKC
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Figure 4.6. PDK1, mTOR and PKC activities are not required for ERK-mediated PKC phosphorylation.
HeLa cells were serum-starved overnight. Cells were pretreated with 10 μM U0126, 10 μM ERKi, 1μM
mTORC1 inhibitor rapamycin (Rap.), 10 μM PI3K inhibitor LY29004, 10 μM AKT inhibitor (Akti),
2.5 μM DAG-competitive PKC inhibitor Calphostin C (CalC) or 4 μM ATP competitive PKC inhibitor
Bisindolylmaleimide I (Bis.), before being stimulated with 25 ng/mL EGF for 10 minutes. Lysates were
immunoblotted for phosphorylation of the hydrophobic motifs of PKCβII/δ, phosphorylation of the
hydrophobic motif of all PKC isoforms, phospho-AKT (Ser473) as indicatior for mTORC2 activity,
phospho-AKT (Thr308) as indicator for PDK1 activity, phospho-p70S6K (Thr 389) as indicator for
mTORC1 activity. Phosphorylated and total ERK and RSK1 were also examined. α-tubulin was blotted
for loading control.
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inhibitor Bis and the PKCβ selective inhibitor Enzastaurin (Enz) but not by CalC, which suggested
DAG-independent activities for EGF stimulated PKC (Figure 4.7). Thus, these data provide evidence
that ERK1/2 regulation of the phosphorylation of the HM motif can modulate PKC activity and substrate
phosphorylation.

Figure 4.7. Inhibition of ERK activation affects PKC substrate phosphorylation. HeLa cells were serumstarved overnight. Cells were pretreated with 10 μM U0126, 10 μM ERK inhibitor, 1μM rapamycin, 10
μM LY29004, 10 μM AKT inhibitor, 2.5 μM Calphostin C, 4 μM Bisindolylmaleimide I, or 10 μM
PKCβ specific inhibitor Enzastaurin before being stimulated with 25 ng/mL EGF for 10 minutes. Note:
A short exposure image is shown to clarify details for high molecular weight PKC substrates. Lysates
were immunoblotted for phosphorylated PKC substrates using an antibody that recognizes the
phosphorylated consensus sites of PKC substrates.
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4.4.6 ERK activation promotes PKC-mediated cell migration
PKC activation is well known to promote cell migration and invasion [455-458]. A recent study
showed that activation of the PKCβII isoform promoted cell migration in T84 cells [459]. Taking
advantage of this cell model system, it was next determined whether inhibition of ERK1/2 activity could
affect PKC-induced cell migration. As is shown in Figure 4.8A and B, within 28 hours, PMA induced
full gap closure (97.6 +/- 1.4 %) in the absence of any inhibitor. However, in the presence of 10 μM
MEK inhibitor U0126, 10 μM pyrazolylpyrrole ERK1/2 inhibitor, 10 μM PKCβ inhibitor Enzastaurin
and 4 μM Bisindolylmaleimide I, PMA induced much less gap closure – 71.5+/-3.8%, 71.5+/-3.2%,
31.9+/-6.0% and 39.5+/-2.1% respectively. Interestingly, in the same cell line, EGF treatment increased
gap closure marginally, none of these inhibitors, however, inhibited gap closure (Figure 4.8D),
suggesting that in this cell line, ERK activity by itself is not sufficient to induce cell migration.
Therefore, taken together these data suggest that in T84 cells, ERK activation by itself is not sufficient
to induce cell migration, but is able to significantly promote PKCβII-mediated cell migration. To check
whether ERK inhibition could affect PKC substrate phosphorylation under this condition, identically
treated cells were lysed and analyzed for PKC substrate phosphorylation. Indeed, both MEK and ERK
inhibitors decreased phosphorylation of substrates including the one with an apparent molecular weight
of around 26 kDa (Figure 4.8C).
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Figure 4.8. Inhibition of ERK activity hinders PMA-induced cell migration in T84 cells. (A).
T84 cells were grown to full confluence. 1.5 μM gaps were made by streaking the cell monolayer using
a pipette tip. Cells were then treated with 10 μM U0126, 10 μM ERK inhibitor, 4 μM
Bisindolylmaleimide I, 10 μM Enzastaurin or solvent DMSO as control. Representative pictures taken
28 hours after drug treatment are shown. (B). Upper panel: quantitation of (A), 4 gaps for each treatment
were measured for calculation of means and standard deviations. The star above a column indicates
extreme significance in student’s t test when comparing that group and the PMA-treated positive control
group. Lower panel: in a parallel experiment, cells were grown and treated in the same way as in (A),
except that cellular extracts were harvested 3 hours after drug treatment to examine activation status of
ERK1/2 and phosphorylation of PKCβII/δ. (C). Cell lysate was examined for phosphorylation of PKC
substrates. Note: A short exposure image is shown to clarify details for high molecular weight PKC
substrates. (D). Experiments in (A) and (B) were repeated expect that the cells were treated with 100
ng/mL EGF instead of 200 nM PMA.
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4.5 Discussion
Activation of ERK by PKC has been well established and generally accepted. On the other hand,
based on an assembled chain of events that were originally described in separate studies, a possible
mechanism by which ERK activates PKC through cPLA2 and AA has been proposed. ERK1/2 has been
reported to phosphorylate and activate phospholipase A2 [425], which in turn catalyzes the release of
AA [460] that can activate PKC isoforms [427, 461-464]. However, due to a lack of direct evidence
showing that all these events can occur in response to certain stimulus in the same cells, little attention
has been paid to a possible role ERK might play in PKC regulation. Our data clearly demonstrated that
ERK activation plays a critical role in the regulation of phosphorylation and activity of certain PKC
isoforms such as PKCβII and PKCδ. However, information about the exact roles ERK1/2 play in
regulating phosphorylation and activity of certain PKC isoforms is still missing.
It is generally believed that PKCs are phosphorylated at the conserved phosphorylation sites shortly
after being synthesized, awaiting for cofactor binding to be activated. In the recent years, however, the
concept that phosphorylation of PKC isoforms is a strictly and precisely regulated process has gained
more and more support. In agreement with this concept, our data showed that, for the majority of PKC
family members, especially PKCβII and PKCδ, the basal level of phosphorylation at the HM is normally
very low, and can be quickly and vigorously induced by growth factor EGF. Although all the data we
show here were generated under serum-starvation conditions, we did repeat major experiments under
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normal cell culture conditions with 10% fetus bovine serum in the medium and got similar results (data
not shown). Therefore, the possibility that low basal level of HM phosphorylation is caused by serum
starvation can be excluded.
Multiple studies have shown that the mTOR complexes are required for phosphorylation of PKC
TM and HM. Our data suggest that the requirement for mTOR activity is isoform specific and that the
activation of mTOR is not required for ERK-mediated PKC phosphorylation. However, the possibility
that the mTOR complexes served as a scaffold for ERK-mediated PKC phosphorylation cannot be
excluded and needs to be explored.
It has been well known that different PKC isoforms phosphorylate partially overlapping but different
substrates [465]. Our data, such as that in Figure 4.8, shows that inhibition of ERK1/2 activation reduced
phosphorylation of certain substrates but increased phosphorylation of some other substrates (molecular
weight around 60 kDa as is shown in Figure 4.8). Based on these observations, we hypothesize that
ERK1/2 activation can increase the portion of PKCβII/δ activity in the PKC activity pool and steer the
PKC activity toward a direction that promotes cell migration (Fig. 4.9).
In conclusion, our data showed that PKC phosphorylation is a tightly regulated process that can be
induced by growth factor stimulation such as EGF. Phosphorylation at the HM of PKCβII and PKCδ is
regulated by ERK activation. ERK inhibition can affect PKC activity as evidenced by the changes
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Figure 4.9. A proposed model showing how ERK1/2 activation modifies PKC functions by
preferentially augmenting functions of certain PKC isoforms. As is shown in the left panel, at basal level
of ERK activity, PMA or physical ligands activates PKC isoforms at certain ratios among different
isoforms. However, when the ERK pathway gets activated as is shown in the right panel, ERK
preferentially increases the activity of certain PKC isoforms such as PKCβII/δ. As the positive signaling
loop runs, this preference will be amplified, resulting in a significant increase in the proportion of
PKCβII/δ activity in the whole PKC activity pool. This biased activation of PKC isoforms leads to the
execution of certain PKC functions such as inducing cell migration.

in the PKC substrate phosphorylation profile, and PKC functions represented by an inhibition of PMAinduced cell migration. As such, ERK plays a novel role in the regulation of HM phosphorylation on
PKC isoforms, and PKC functions. As a result, inhibition of ERK1/2 signaling may have therapeutic
benefits by targeting PKC isoforms involved in diseases.
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Appendixes

Figure A.1. Optimization of crystallization conditions
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Table A.1. Published X- ray crystal structures of protein (peptide)-bound MAPKs
MAPK

Binder

Interaction
Site(s)
D-site, Fsite

PDB ID

Major Finding(s)

Reference

ERK2

PEA-15

4IZA,4IZ7,4IZ5

[466]

D-site peptide
derived from
hematopoietic
tyrosine
phosphatase
D-site peptide of
Netrin receptor
DCC
D-site peptide
from MKP3

D-site

2GPH

PEA-15 can bind to the
activation loop of ERK2
regardless of its
phosphorylation status
D-site peptide binding
causes the activation loop of
inactive ERK2 to become
exposed to solvent

ERK2

D-site

3O71

DCC is an ERK substrate

[467]

D-site

2FYS

[209]

ERK2

Designed ankyrin
repeat proteins

Activation
loop

3ZU7 and
3ZUV

ERK2

D-site peptides
from MNK1,
RSK1 and SythrevD
D-site peptide
from MKK6
D-site peptide
from NFAT4
D-site peptides
from ATF2, JIP1
and SAB

D-site

4FMQ, 3TEI,
and 2Y9Q

The structural basis for Dsite docking interaction in
ERK MAPK
Designed proteins can
specifically bind to inactive
and activated ERK2 in vivo
and in vitro
The Structural basis of
binding specificity among
different MAPKs

D-site

2Y8O

D-site

2XRW, 2XS0,

D-site

4H36, 4H39,
and 4H3B

[470]

TAB1

D-site

4LOQ

Peptide binding induces
autoinhibition; The
activation loop controls
peptide binding and
interlobe rotation
TAB1 binding to p38
increases ATP affinity to p38
α, accelerating p38 α
autophosphorylation

ERK2
ERK2

P38α
JNK
JNK3

P38α
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[353]

[468]

[469]

[471]
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