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Preface

The last 50 years of biomedical research has provided significant insight into the
mechanisms of disease. Discoveries in genetic mutations and cell and molecular
biology have incentivized the development of new precision medicines that target
specific features of the disease while limiting unwanted toxic effects on normal tis-
sue. While significant progress has been made in the treatment of diseases such as
cancer, long-term durable therapeutic responses are often lacking, or effective drugs
have yet to be developed for a specific disease.

Protein kinases have emerged as important drug targets for treating disease.
Genetic mutations and other mechanisms resulting in protein kinase dysregulation
or constitutive activation drive the progression of proliferative disorders such as
cancer, chronic and acute inflammation-related disorders, and neurodegenerative
disorders such as Alzheimer disease. The initial development of protein kinase
inhibitors used the adenosine triphosphate (ATP) binding site as a logical starting
point. It was reasonable to hypothesize that disruption of ATP interactions would
prevent the protein kinase from transferring phosphate from naturally occurring
ATP onto substrate and disable signaling pathways that promoted disease. Precedent
for this had already been established in the early 1950s with drugs such as mercap-
topurine that mimic naturally occurring nucleotides, disrupt DNA synthesis, and
inhibit cell proliferation in a variety of cancers and autoimmune diseases. However,
drugs like mercaptopurine are nonspecific, and off-target side effects on normal
proliferating cells limit their effectiveness.

Imatinib (brand name Gleevec) was the first small-molecular-weight inhibitor to
enter the clinic in the early 1990s which prevented the binding of ATP to a mutated
protein kinase essential for the proliferation of a specific type of leukemia. While
imatinib turned out to inhibit several protein kinases, it provided significant benefits
to many cancer patients and opened the door to the development of many more
small-molecule inhibitors targeting a variety of protein kinases. Today there are
several dozen protein kinase inhibitors approved for clinical uses, and many more
are in various stages of preclinical testing. Most of the protein kinase inhibitors that
have been approved for clinical use interfere with ATP binding and are used to treat
various types of cancer. However, in most cases, these types of protein kinase
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inhibitors do not provide sustained benefits to patients. Major barriers to an effec-
tive patient response are undesirable off-target effects, and the invariable develop-
ment of drug resistance is observed with long-term use. Overcoming these barriers
is nontrivial and will require new treatment regimens, knowledge of patient-specific
factors, and new drugs that act through different mechanisms of action at the
intended tissue site.

This book project will focus on new approaches at blocking protein kinase func-
tions associated with disease. While it may be inferred that the lack of effective or
sustained clinical responses with the current inhibitors suggests that protein kinases
are not good drug targets, the subsequent chapters will emphasize that protein
kinases are valid drug targets. However, the experiences over the last 30 years have
provided compelling evidence that the current approach at inhibiting protein
kinases, primarily targeting the ATP binding site, has its limitations, and better ways
to inhibit protein kinase functions that promote disease are needed. Drugs that block
ATP binding are typically promiscuous protein kinase inhibitors. This may have
advantages in treating multi-factorial diseases such as cancer where polypharmaco-
logic drugs may be more effective. However, ATP-competitive inhibitors may pro-
mote the development of drug resistance by blocking both pro-disease and
anti-disease signaling. Protein kinases typically have many substrates that regulate
a diverse set of functions, some of which may be desirable to maintain. Off-target
effects of ATP-competitive inhibitors on protein kinases in normal cardiac and liver
tissue can offset potential benefits.

The book will provide an overview of the current approaches and alternative
ideas for developing effective protein kinase inhibitors. Many of these alternative
approaches consider the conserved nature of the ATP binding site and the complex-
ity of protein kinases in terms of the number of substrates they regulate and their
control of cellular functions. The first objective of this project is to provide a general
overview of the biological processes regulated by protein kinases and current thera-
peutic approaches to inhibit protein kinase activities relevant to disease. The amount
of literature on these topics is extensive. Using the search terms “protein kinase and
inhibitors” and “protein kinase and inhibitors and review” in the PubMed.gov data-
base yielded ~200,000 and ~20,000 publications, respectively. It would be a daunt-
ing task to cover all the relevant studies in a single book, and apologies are extended
to researchers of relevant studies that were not cited. However, it is hoped that the
information provided in these chapters will help guide the reader in gathering addi-
tional details on specific topics of interest.

The second objective is to provide specific examples of emerging areas of pro-
tein kinase inhibitor development. However, not all emerging areas of research will
be discussed. For example, new approaches at eliminating dysregulated proteins
through targeted degradation using novel proteolysis-targeting chimeras (PROTACs)
will not be discussed. While this approach entered clinical trials in 2019 to target the
degradation of androgen receptor in prostate cancer, it will be interesting to see if
clinical applications for targeted degradation of protein kinases are soon to follow.
Accumulating details about the structure of protein kinases and functions in regulat-
ing substrates and biological processes provide opportunities to identify new
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approaches that avoid complete ablation of protein kinase activity and are more
precise in their mechanisms of inhibition. Experts in this area of research will pro-
vide examples of the potential to inhibit specific protein kinase functions by disrupt-
ing key protein—protein interactions associated with disease while preserving other
desirable kinase functions. In keeping with the movement toward more precision
medicine and optimal patient outcomes, the next generation of protein kinase inhib-
itors will likely include compounds that target a subset of functions as opposed to
complete enzyme inhibition observed with the current drugs.

Baltimore, MD, USA Paul Shapiro
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Introduction to Kinases, Cellular
Signaling, and Kinase Inhibitors

Paul Shapiro, Ramon Martinez III, and Amy Defnet

Abstract Protein kinases are essential regulators of cellular functions and responses
to extracellular signals. Through phosphorylation of substrates, protein kinases con-
trol cell proliferation and survival. Proliferative disorders, such as cancer, are often
observed to have excess protein kinase activity due to genetic mutations. Thus, the
development of specific drugs to inhibit protein kinases in cancer cells has been a
major goal of academic and pharmaceutical industry research during the last three
decades. This chapter will provide a brief historical overview of groundbreaking
discoveries describing the importance of protein kinases and the identification of
clinically relevant kinase inhibitors. An outline of protein kinase classes, signaling
pathways, and structural features will introduce current kinase inhibitor approaches
and provide the rationale for identifying alternative approaches to block excess pro-
tein kinase activities that promote disease.

Keywords Kinase - Inhibitors - Disease - Drug discovery

Historical Overview of Protein Kinases and Targeted
Inhibition

Kinases, derived from the Greek word kinein meaning “to move,” are ubiquitous
enzymes that have become prominent therapeutic targets in the treatment of a vari-
ety of diseases. Kinase enzymatic activity is in every cell of every species and facili-
tates physiological responses to both intracellular and extracellular signals. Through
the process of phosphorylation, kinases move or transfer cellular information that
regulates a variety of other proteins essential for the survival of the organism. The
presence and appreciation of phosphorylated proteins and their importance in bio-
logical processes began in the early 1900s. It was in Phoebus Levene’s laboratory at
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the Rockefeller Institute for Medical Research where phosphorylated serine resi-
dues were identified on the proteins casein and phosvitin, which are abundant in
milk and egg yolks, respectively [1]. Subsequently, in the 1940s, Gerty and Carl
Cori’s research at Washington University in St. Louis discovered active and inactive
forms of the phosphorylase enzymes that transfer inorganic phosphate to acceptor
molecules and are involved in the process of glycogen metabolism. Cori’s research
was awarded a Nobel Prize in Physiology or Medicine in 1947 and provided the
foundation for understanding the process of reversible phosphorylation [2].
Following this award, the significance of the enzymatic activity of kinases and the
process of phosphorylation received a significant boost from the pioneering work of
George Burnett and Gene Kennedy at the University of Chicago. Their 1954 publi-
cation in the Journal of Biological Chemistry conclusively demonstrated that rat
liver mitochondria extracts contained a protein enzymatic activity, which the authors
referred to as a phosphokinase, that extracts a phosphate group from the energy
molecule ATP and covalently links it to another protein [3]. These studies revealed
a new area of biology that describes how cells use the mineral phosphorus, and its
biological form phosphate, to convey information and regulate biological molecules
via phosphorylation to accomplish specific cellular functions.

Subsequent discoveries by Edmond Fischer and Edwin Krebs in 1956, at the
University of Washington, demonstrated that kinases regulate protein functions in
response to extracellular signals and that kinase-mediated phosphorylation events
are reversible [4]. The significance of the work by Dr. Fischer and Dr. Krebs, who
had trained in the previously mentioned Cori laboratory, was recognized with the
Nobel Prize in Physiology or Medicine in 1992. The balance between the activities
of kinases that mediate phosphorylation and phosphatase enzymes that facilitate
de-phosphorylation is essential for regulation and maintenance of most cellular
functions. There are numerous genetic alterations, which will be highlighted in sub-
sequent chapters, responsible for dysregulated kinase activity and the disruption of
the balance between phosphorylation and dephosphorylation events. These dysreg-
ulated phosphorylation events alter the steady state, or homeostasis, of cellular
functions and, ultimately, contribute to the pathology of a variety of diseases.

Over the last several decades, a vast amount of research has discovered and
described specific kinases and their functions in regulating specific physiological
functions. These findings have revolutionized our understanding of the role of
kinases in disease processes and the development of kinase-specific drug therapies.
In most cases, the therapeutic objective is to inhibit constitutively active kinase
activity found in proliferative disorders, like cancer. Despite a detailed understand-
ing of kinase structures and functions, as well as the availability of potent and selec-
tive kinase inhibitors, the ability to achieve sustained patient responses to most of
the current kinase inhibitors is limited. This raises the questions of how much is
really known about the regulation of kinases in complex biological systems and
their role in regulating disease. Furthermore, the multifaceted nature of diseases like
cancer may limit the use of potent and selective kinase inhibitors that only target
one aspect of the disease but allow compensatory kinase signals that protect cancer
cell proliferation and survival. In contrast to the development of very selective
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kinase inhibitors, there is growing interest in developing inhibitors that target mul-
tiple kinases simultaneously or polypharmacologic properties that are uniquely
effective against several dysregulated kinases associated with specific diseases [5].

The first, and arguably most successful, program to develop specific small-
molecule kinase inhibitors to treat a specific type of cancer was realized by Drs.
Nicholas Lydon and Brian Druker in the 1990s with the drug imatinib for the treat-
ment of chronic myelogenous leukemia (CML) [6]. It was well known that CML
cells contained a genetic translocation resulting in the fusion of the breakpoint clus-
ter region (BCR) gene on chromosome 22 with the Abelson tyrosine kinase (ABL)
gene from chromosome 9. The resulting BCR-Abl fusion protein is constitutively
active, and this mutant tyrosine kinase drives the proliferation of white blood cells
in nearly every CML patient. Dr. Druker hypothesized that BCR-Abl is a viable
drug target and that inhibition of BCR-Abl would improve the therapeutic outcomes
of CML patients. Dr. Lydon, working on drug discovery programs at Ciba-Geigy
(now part of Novartis), provided the compound STIS71, also referred to as imatinib
mesylate (brand name Gleevec® or Glivec®), which is an ATP competitive inhibi-
tor of BCR-AbI and other tyrosine kinases. As Drs. Lydon and Druker pointed out,
there was skepticism from other scientists and the pharmaceutical industry that spe-
cific kinases inhibitors could be developed and that targeted inhibition of a single
kinase would be effective against cancer cells with multiple genetic defects [7].
However, the results of the first clinical trials in 1998 and 1999 testing imatinib in
CML patients had remarkable outcomes with almost every patient showing improve-
ment. Moreover, the patients had very few side effects and a 5-year follow-up
showed patient survival approaching 90% compared to 50% for patients on tradi-
tional chemotherapies [7]. While the success of imatinib in treating CML patients
could be partially attributed to its off-target effects on other tyrosine kinases, these
groundbreaking trials provided the justification for the Food and Drug Administration
(FDA)’s approval in 2001 for clinical use. Imatinib remains one of the top-grossing
cancer drugs with over $1.5 billion in sales in 2018. Importantly, the introduction of
tyrosine kinase inhibitors such as imatinib has significantly improved the survival of
CML patients as compared to before these drugs were available [8]. With the thera-
peutic success of imatinib, scientists and the pharmaceutical industry were provided
the framework to pursue the development of other kinase-selective inhibitors for
treating disease.

Despite the clinical success of imatinib in treating CML, sustained treatment
responses using inhibitors of kinases for other cancer types or diseases have been
difficult to achieve. The current approaches used to inhibit protein kinases involved
in disease consist of small-molecular-weight compounds (e.g., small molecules) or
monoclonal antibodies. As of June 2019, there were approximately 50 small-
molecule inhibitors of protein kinases approved by the FDA for clinical use. The
number of FDA-approved small-molecule kinase inhibitors from 1999 to 2018
shows an increasing trend over the last decade (Fig. 1). An excellent comprehensive
description of the pharmacological properties of FDA approved small-molecule
kinase inhibitors is available [9]. In addition, there are more than 30 FDA-approved
monoclonal antibodies developed to block the activity of mostly receptor and non-
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Fig. 1 FDA-approved small-molecule kinase inhibitors (1999-2018)

receptor tyrosine kinases involved in disease. Several reviews outline the develop-
ment of monoclonal antibodies along with their therapeutic potential and limitations
[10, 11]. However, the development of kinase-targeted monoclonal antibodies will
not be the focus of subsequent chapters.

A major goal of this book project is to convey that the current approaches to
block kinases, with either small molecules or monoclonal antibodies, have mostly
failed to produce effective or sustained clinical responses despite the significant
evidence supporting kinases as key drivers of disease. As such, new approaches to
block important kinase activities involved in disease need to be explored. It is rea-
sonable to suggest that the lack of effective kinase inhibitors can be explained by an
inadequate understanding of the biological and genetic determinants that drive the
disease. As such, inhibition of a key kinase predicted to drive the pathology of a
specific disease is not enough and additional biological targets need to be consid-
ered. While this is likely true for many conditions, it can also be argued that the
kinase being targeted is appropriate; it is just that the approach used to target a
specific kinase is ineffective at producing durable clinical responses. To set the stage
for the discovery of new approaches to inhibit kinases, the first chapters will provide
an overview of the kinase structure, kinase-signaling networks, and the current
approaches to develop small-molecule inhibitors of kinases involved in disease.
Therapeutic uses and limitations of the current kinase inhibitors, including the
emergence of drug resistance will be highlighted.

Small-molecule kinase inhibitors are classified into six categories commonly
referred to as type I-VI kinase inhibitors that are grouped largely based on the struc-
tural interactions between the inhibitor and target kinase [12]. Chapter 2 provides a
concise summary of the basic features of the type I and II kinase inhibitors, which
are currently the most common approach to target kinases, and act by preventing
interactions with ATP when the enzyme is in an active or inactive state, respectively.
Chapter 3 will summarize recent developments in the type III-VI kinase inhibitors.
Type III kinase inhibitors target allosteric sites in the kinase domain but do not
affect ATP binding whereas type IV kinase inhibitors target allosteric sites outside
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the kinase domain and are generally designed to interfere with the interactions
between kinases and other regulatory proteins or substrates. Type V kinase inhibi-
tors are referred to as bivalent compounds that target both the ATP-binding site and
unique allosteric sites outside the kinase domain. Finally, type VI kinase inhibitors
form covalent interactions with cysteine and other amino acids in the ATP-binding
site or other regions of the kinase. A recent review of approaches to target the extra-
cellular signal-regulated kinases-1 and 2 (ERK1/2) provides an excellent visual
description of the mechanism of action for type I-VI kinase inhibitors [13].

The second major goal of this book will be to highlight new approaches to target
protein kinases, including the development of novel type IV small-molecule kinase
inhibitors and kinase-targeted peptides that selectively inhibit specific kinase func-
tions. Function-selective kinase inhibitors account for the diversity of protein sub-
strates that are regulated by kinases involved in proliferative diseases, such as
cancer, or inflammatory disorders. There are documented examples of how kinase-
mediated regulation of substrates can drive a cellular response, but regulation of
other substrates is involved in modulating that response through negative feedback
mechanisms. Thus, kinases contribute to maintaining homeostasis in normal and
diseased cellular responses through both positive and negative feedback regulation.
Inhibition of kinase activity with the current type I and II inhibitors block all posi-
tive and negative enzyme activity whereas disruption of key kinase-substrate inter-
actions has the potential to block undesirable kinase functions (e.g., protumorigenic)
while maintaining desirable kinase functions (e.g., antitumorigenic negative feed-
back). Lack of durable responses of many kinase inhibitors used in the clinic may
be attributed to inhibition of both positive and negative kinase functions. It will be
interesting to see whether novel proteolysis targeting chimera (PROTAC) approaches
that can be designed to selectively degrade kinases and other proteins involved in
disease [14] will also have similar issues with efficacy.

The design of function-selective kinase inhibitors is based on a large body of
information describing the structural features that determine specific protein-protein
interactions (PPIs) and the biological consequences of those interactions. Chapter 4
will provide examples of PPIs focusing on specific kinase interactions with sub-
strate proteins. These studies have helped in the design of new approaches to target
key PPIs involved in disease. In addition, Chap. 4 will overview the emergence of
acquired drug resistance to current kinase inhibitors used in the clinic, which pres-
ents a major barrier to sustained and durable patient responses. It is hypothesized
that function-selective kinase inhibitors will prevent or mitigate the emergence of
drug resistance observed with current kinase inhibitors that block all enzyme
activity.

The final chapters will describe specific examples of theoretical and experimen-
tal approaches to develop kinase inhibitors that act outside of the ATP/catalytic site
and inhibit specific kinase functions. Chapter 5 describes how computational mod-
els can facilitate the rationale design and analysis of new compounds that target
specific PPIs and, in particular, those that involve kinase interactions with specific
protein substrates. Chapter 6 provides a comprehensive description of known
substrate-docking sites on the extracellular signal-regulated kinases (ERK1/2) and
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opportunities to develop type IV inhibitors that target these sites for treating cancer.
Chapter 7 will describe the synthesis of novel peptide sequences that lock into sec-
ondary structures that recognize specific kinase sites involved in substrate recogni-
tion. Finally, Chap. 8 expands on the use of peptides that selectively modify kinase
functions and outlines the challenges that need to be overcome before these agents
can be used in the clinic. In conclusion, the evidence presented in these chapters will
provide support for the discovery and development of novel kinase inhibitors that
selectively block some, but not all, enzymatic functions. The development of new
approaches aimed at partial inhibition of kinase functions involved in disease is
predicted to lead to more effective and sustained therapeutic responses.

Overview of Protein Kinase Signaling Pathways

Protein kinases are essential regulators of cellular functions and responses to exter-
nal signals. Protein kinases accomplish their regulatory role mostly, but not always,
by catalyzing the transfer of phosphate from ATP onto substrates. Of the more than
500 distinct genes that encode for human protein kinases [15], it is estimated that
~80% fall into the category of serine or threonine kinases while the remaining 20%
consist of tyrosine or histidine kinases [16]. However, it is estimated that roughly
90% of all phosphorylation events in human cells occur on serine residues while
approximately 10% occurs on threonine residues, and less than 1% of phosphoryla-
tion events occur on tyrosine residues [16]. Given that most of the kinase inhibitors
used in the clinic today block the actions of tyrosine kinases, these numbers suggest
there are tremendous opportunities for the discovery of new kinase inhibitors.

Protein kinases are classified into AGC, CAMK, CMGC, CK1, STE, TK, and
TKL subgroups based on their phylogenetic tree [15]. The AGC protein kinase
group consists of approximately 60 serine/threonine kinases related to protein
kinases A, G, and C. One feature key to the regulation of AGC kinase activity is a
hydrophobic region in the C-terminal that interacts with a pocket in the catalytic
region. This interaction site was named the PIF, 3-phosphoinositide-dependent pro-
tein kinase—1 (PDK1)-interacting fragment, unique to the ACG family [17]. The
CAMK group is the abbreviation for around 80 serine/threonine kinases related to
the calcium-calmodulin—dependent protein kinases. The identification of a unique
calcium/calmodulin (CaM)-binding domain is a regulatory feature found in about
half of kinases in the CAMK family [18].

There are roughly 62 members of the serine/threonine kinase CMGC group that
include the cyclin-dependent kinases (CDK), mitogen-activated protein kinases
(MAPK), glycogen synthase kinases (GSK), and CDC-like kinases (CLK). The
CK1 group, or casein kinase-1 family, is a small group of 12 serine/threonine
kinases that are the most structurally distinct group of eukaryotic protein kinases. A
unique aspect of the CK1 proteins is a variable C-terminal region that does not
directly affect ATP catalysis but is important for regulating intracellular location
and kinase functions [19, 20]. The STE kinase group, named for yeast sterile genes
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involved in mating signals, comprises approximately 46 serine/threonine kinases
that act primarily as upstream activators of the mitogen-activated protein kinase
(MAPK) proteins and include the MAP2K, MAP3K, and MAP4K proteins. The
MAP2K subfamily is unique in that it is a dual specificity kinase and can
phosphorylate MAPK proteins on threonine (T) and tyrosine (Y) residues within a
conserved TXY motif (X is any amino acid) that regulates kinase activation. The
last kinase groups consist of approximately 90 receptor and nonreceptor tyrosine
kinase (TK) proteins and another 43 tyrosine kinase-like (TLK) proteins. While the
TLK group shares amino acid sequence similarity to TK proteins, these proteins
function as serine/threonine kinases.

The process of phosphorylation adds a negative charge to a biological molecule,
which alters the molecule’s structure and ultimate function in the cell. The functions
of biological molecules such as proteins, nucleic acids, carbohydrates, and lipids are
all regulated by phosphorylation events. Phosphorylation is a highly regulated and
reversible process. Cellular functions depend on the balance between the addition of
phosphates by kinases to achieve a specific cellular response and the removal of the
phosphate by protein phosphatases when that cellular response is no longer needed.
A consequence of disrupted balance between protein phosphorylation and dephos-
phorylation often results in elevated protein phosphorylation, which contributes to
the development and progression of many types of cancer and inflammation-related
disorders. Excess protein phosphorylation is a consequence of genetic mutations or
altered expression of kinases and phosphatases. Dysregulated and constitutively
active protein kinases are the primary culprits that disrupt the balance between
phosphorylation and dephosphorylation. As such, inhibition of dysregulated kinase
activity is a major goal in the development of safe and effective therapies for cancer,
inflammatory disorders, and many other diseases.

There are currently more than 200 kinases that have been linked to various dis-
ease states and most involve proliferative disorders such as cancer [21, 22]. However,
dysregulated kinase activity is also recognized to contribute to cardiovascular, meta-
bolic, and neurodegenerative diseases [23—28]. The causes of kinase dysregulation
and its role in driving disease have been studied extensively and can be narrowed
down to three genetic changes. These genetic alterations consist of point mutations
that change single amino acids, gene amplification, and the fusion of two different
genes, all of which result in kinases with elevated or constitutive activity [21].
Further analysis of over 1000 putative cancer causing or “driver’” genes, which are
essential for the cells proliferative advantage, identified 91 of these genes to be
protein kinases [29]. Interestingly, a remarkable 40% of the protein kinase drivers
were tyrosine kinases, which is consistent with the higher emphasis on the develop-
ment of tyrosine kinase inhibitors. However, despite the prevalence of clinically
available tyrosine kinase inhibitors, less than half of these kinase drivers have been
targeted with therapeutic agents [29].

Protein kinases serve an important function in regulating cellular responses to
extracellular signals. Figure 2 shows a simplified overview of major kinase signal-
ing pathways that respond to extracellular signals, have been found to be dysregu-
lated in disease, and are the targets of kinase inhibitors. Extracellular cytokines and
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Fig. 2 Receptor-mediated kinase signaling networks. Kinases (red) target transcription factors
(brown) to mediate changes in gene expression and cellular responses to extracellular signals.
Adaptors (green) include G-proteins and associated proteins that couple receptors to kinase cas-
cades. Key: CR cytokine receptor, RTK receptor tyrosine kinase, NRTK nonreceptor tyrosine
kinase, RSTK receptor serine/threonine kinase, PM plasma membrane, 7Fs transcription factors,
MAP3K/MAP2K/MAPK mitogen-activated protein kinase cascade, MAPKAPK MAP kinase-
activating protein kinase, PKA/B/C protein kinase A, B, or C

growth factors regulate cellular responses by interacting with plasma membrane—
bound receptor tyrosine kinases (RTK), G-protein coupled receptors (GPCR), cyto-
kine receptors (CR), and receptor serine/threonine kinases (RSTK). Engagement of
the extracellular ligands induces receptor conformational changes that result in the
dimerization and activation of monomeric receptor proteins and the recruitment of
intracellular nonreceptor tyrosine kinases (NRTK) and other adapter proteins. The
recruitment of intracellular adaptor proteins to the activated receptors led to the
activation of kinase cascades and regulation of specific transcription factors and
gene expression. However, kinases can regulate many other nongenomic processes
by phosphorylating cytoplasmic substrates that affect the size or shape of the cell
and its ability to migrate and interact with other cells. To add to the complexity,
there are several examples of protein kinases regulating other proteins and biologi-
cal outcomes through catalytic-independent functions [30]. In most of the cases
where there is no phosphate transfer, the physical interaction between a kinase and
a particular protein is sufficient to modulate the protein’s function and a subsequent
biological outcome.
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The mitogen-activated protein kinase (MAPK) and protein kinase B (Akt) sig-
naling cascades are classic examples of RTK and GPCR-mediated signaling path-
ways that regulate cellular functions [31-36]. In the case of receptor serine/threonine
kinases (RSTK), transcription factor activation is coupled directly to the
ligand-activated receptor. The transforming growth factor-p (TGF-p) family is an
example of secreted extracellular proteins that activate receptors with primarily ser-
ine/threonine kinase activity to modulate the cellular responses in many physiologi-
cal systems [37]. Membrane-bound receptors, directly or through adaptor proteins,
activate intracellular kinases, which in turn regulate a variety of substrates including
transcription factors to alter gene expression and cellular responses. Dimerization of
RTK monomers following ligand engagement facilitates inherent kinase activity of
these receptors. In contrast, the ligand-activated cytokine receptors lack kinase
activity and engage associated nonreceptor tyrosine kinases to initiate downstream
signaling. In the case of the receptor serine-threonine kinases, only one of the
monomers has kinase activity that directly phosphorylates transcription factors after
receptor dimerization following ligand engagement. Several comprehensive reviews
of these receptor-mediated kinase-signaling pathways are available [38, 39]. In
addition, a more detailed description of specific kinase-signaling networks will be
presented in later chapters.

Overview of Protein Kinase Structural Features

The typical eukaryote protein kinase has a conserved bilobed 3-D structure consist-
ing of amino- (N) and carboxy-(C) terminal lobes that are coordinated in their
movement in relation to each other depending on kinase activity. Most protein
kinases contain a conserved ATP-binding site, substrate interaction sites in the
C-terminal lobe, and activation sites as shown in the example of protein kinase A
(Fig. 3). The N-terminal lobe consists mainly of beta sheets while the C-terminal
lobe contains alpha-helices. At the base of the N-terminal lobe sits the ATP-binding
and catalytic site that serves the function of removing the terminal phosphate
(PO,*") from magnesium-ATP (MgATP) and catalyzing its transfer onto the
hydroxyl (OH"™) group of a serine, threonine, or tyrosine residue located on the sub-
strate protein. The Mg?* helps stabilize and position the negatively charged phos-
phate on ATP for transfer onto the substrate. Additional coordination of ATP
involves a conserved glycine rich loop and lysine residue in the N-terminal lobe.
Substrate proteins interact with specific residues in the C-terminal lobe and along a
cleft formed between the N- and C-terminal lobes. However, the specific kinase
residues involved in recognizing most protein substrates are not known. An over-
view of some of the known structural features and residues involved in kinase rec-
ognition of protein substrates will be the topic of Chap. 4. This information will be
important for the identification of type IV kinase inhibitors that disrupt key kinase
functions.
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Fig. 3 General overview

of protein kinase structure. /C?
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Human protein kinases are dynamic structures, and multiple regions distal to the
catalytic site have been implicated in coordinating activity. For a more detailed
analysis of the structural features involved in protein kinase regulation, the reader is
directed to several intriguing studies and comprehensive reviews. For example,
McClendon et al. have presented compelling molecular modeling data showing that
kinases also have unique local regions, consisting of 40-60 amino acid segments
that undergo unique dynamic changes that provide allosteric regulation and addi-
tional control over kinase activity and function [40]. Wang and Cole provide an
excellent review of the catalytic mechanisms of protein kinases and the transfer of a
phosphoryl group from ATP onto substrates [41]. This review highlights the work of
many scientists who have made significant contributions to our understanding of
kinase structure and catalytic mechanisms. Although protein kinases share many
conserved structural features that define the core region involved in phosphoryl
transfer onto protein substrates, there are regions outside of the kinase core that
facilitate catalytic activity, kinase complexes, and signaling events. Gégl et al.
describe the presence of intrinsically disordered regions (IDRs) in protein kinases
that help fine tune kinase catalytic activity and assembly of kinases in multiprotein
signaling complexes [42]. Expanding knowledge of the regulatory features of pro-
tein kinases will provide opportunities to develop new approaches to modulate pro-
tein kinase functions in disease.
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Overview of Current Type I/II Kinase
Inhibitors

Zheng Zhao and Philip E. Bourne

Abstract Research on kinase-targeting drugs has made great strides over the last
30 years and is attracting greater attention for the treatment of yet more kinase-
related diseases. Currently, 42 kinase drugs have been approved by the FDA, most
of which (Wilson et al., Cancer Research 78(1):15-29, 2018) are Type I/II inhibi-
tors. Notwithstanding these advances, it is desirable to target additional kinases for
drug development as more than 200 diseases, particularly cancers, are directly asso-
ciated with aberrant kinase regulation and signaling. Here, we review the extant
Type I/II drugs systematically to obtain insights into the binding pocket characteris-
tics, the associated features of Type I/II drugs, and the mechanism of action to facili-
tate future kinase drug design and discovery. We conclude by summarizing the main
successes and limitations of targeting kinases for the development of drugs.

Keywords Type I/II kinase inhibitors - Protein kinases - Mechanisms of action -
Promise and limitations

Introduction

Kinases are enzymes that phosphorylate specific substrates and in so doing play a
vital role in signal transduction networks [1-3]. Clinical evidence has shown that
aberrant kinase regulation and catalysis are directly associated with more than 200
diseases, especially cancer [4, 5]. Thus, exploring the therapeutic potential of the
human kinome is highly desirable for the treatment of many diseases [6-9]. As of
August 2018, 42 kinase-targeted drugs have been approved by the U.S. Food and

Z.Zhao
Department of Biomedical Engineering, University of Virginia, Charlottesville, VA, USA

P. E. Bourne ()
Department of Biomedical Engineering, University of Virginia, Charlottesville, VA, USA

Data Science Institute, University of Virginia, Charlottesville, VA, USA
e-mail: pebba@virginia.edu

© Springer Nature Switzerland AG 2020 13
P. Shapiro (ed.), Next Generation Kinase Inhibitors,
https://doi.org/10.1007/978-3-030-48283-1_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-48283-1_2&domain=pdf
https://doi.org/10.1007/978-3-030-48283-1_2#DOI
mailto:peb6a@virginia.edu

14 7.. Zhao and P. E. Bourne

Drug Administration (FDA) [10]. Notwithstanding these advances, developing a
desired kinase drug is still a challenging task due to the high similarity of the ATP-
binding sites across the whole kinome thwarting selectivity [11, 12]. Here we sys-
tematically review extant kinase inhibitors, especially FDA-approved kinase drugs,
to provide benchmarks and useful clues for prospective kinase drugs.

Over the last 30 years, chemically diverse kinase inhibitors with varied selectiv-
ity levels have emerged and can been classified into four types based on their bind-
ing modes: Type I, Type II, Type III, and Type IV (Fig. 1) [13—-16]. Type I inhibitors,
such as baricitinib (Fig. 1a), occupy the ATP-bound pocket of the kinase in the
“DFG-in” conformation. Type II kinase inhibitors, such as imatinib, not only occupy
the ATP-bound pocket of the kinase with the “DFG-out” inactive conformation but
elongate to the adjacent allosteric pocket (Fig. 1b). Type III and Type IV inhibitors
are also called allosteric inhibitors [17]. Type III inhibitors bind to the allosteric site
close to the ATP-bound pocket, such as with the MEK inhibitor cobimetinib [18]
(Fig. Ic). Type IV inhibitors bind to the allosteric pocket distant from the ATP-
binding site, such as the allosteric pocket at the C-lobe [19] (Fig. 1d), the allosteric
pockets on the surface of the kinase domain [20-22] (Fig. le), or the allosteric
pocket at the N-lobe [23] (Fig. 1f). By numbers, the vast majority of kinase inhibi-
tors are Type I/II inhibitors. Of the 42 FDA-approved kinase drugs, 33 are Type I
inhibitors, 6 are Type Il inhibitors, and 3 MEK-targeted drugs are Type III inhibitors
(Table 1). Here we focus on a review of the characteristics of current Type I/II
kinase inhibitors.

FDA-Approved Kinase Inhibitors: Type I and II Mechanisms
of Action

Type I Binding Modes

Type I inhibitors bind at the ATP-binding pocket, which is highly conserved across
the human kinome [16, 24, 25]. To achieve greater selectivity than ATP, Type I
inhibitors typically not only occupy the space where the ATP adenine group binds
but also extend into different proximal regions, specifically referred to as the front
pocket region, the hydrophobic pocket region, the DFG motif, and the P-loop region
(Fig. 2a) [26, 27]. Here we outline how inhibition occurs through the ability to com-
bine the adenine-binding area with different proximal regions.

Gefitinib is one of the first-generation EGFR drugs for the treatment of non-
small cell lung cancer (NSCLC) [28]. Gefitinib binds to EGFR by its quinazoline
scaffold, which forms hydrogen bonds with the hinge region, mimicking the hydro-
gen bonds between the hinge region and the adenine moiety of ATP, one 4-position
substitutional group extends into the hydrophobic pocket and one 6-position mor-
pholine derivative extends into the front pocket and forms polar interactions with
the adjacent residues C797 and D800 (Fig. 2a) [29]. Similarly, the other 11 kinase
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Fig. 1 The binding modes of Type I-IV inhibitors. (a) Type I inhibitor bound to the ATP-binding
pocket (pdb 4w9x, the JAK-baricitinib complex); (b) Type II inhibitor occupying the ATP-binding
pocket and extending into the allosteric pocket (pdb 4bkj, the ABL-imatinib complex); (¢) Type 111
inhibitor bound to the allosteric pocket close to the ATP-bound pocket (pdb 4an2, the MEK-
cobimetinib complex); (d) Type IV allosteric inhibitor bound to the allosteric pocket of the C-lobe
(pdb 3k5v, the Abl-GNF-2 complex); (e) Type IV allosteric inhibitor bound to the allosteric pocket
at the interface of the AKT1 kinase and the PH domain (pdb 3096, the AKT1-MK-2206 complex);
(f) Type IV allosteric inhibitor bound to the allosteric pocket at the N-lobe (pdb 3py1, the CDK2-
2AN complex)
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Table 1 FDA-approved kinase drugs with their associated binding modes and approval dates (as
of August 2018)

Approved Approved Inhibitor of | PDB Reversible/
inhibitors date Primary targets | type entry irreversible
Imatinib 2001/05 ABL/ 11 10PJ Reversible
PDGFR/c-KIT
Gefitinib 2003/05 EGFR 1 4122 Reversible
Erlotinib 2004/11 EGFR I 4HJO Reversible
Sorafenib 2005/12 VEGFR/PDGFR |11 4ASD Reversible
etc
Sunitinib 2006/01 KIT/PDGFR etc | I 2Y7) Reversible
Dasatinib 2006/06 ABL/SRC etc 1 3QLG Reversible
Lapatinib 2007/03 EGFR/Her2 I I1XKK | Reversible
Nilotinib 2007/10 ABL/KIT etc 11 3GPO Reversible
Pazopanib 2009/10 c-KIT/FGFR etc |1 - Reversible
Vandetanib 2011/04 VEGFR/EGFR |1 21VU Reversible
etc
Crizotinib 2011/08 ALK/ROS1 I 37ZBF Reversible
Vemurafenib 2011/08 BRAF 1 30G7 Reversible
Ruxolitinib 2011/11 JAK1/JAK2 I 4U5]J Reversible
Axitinib 2012/01 VEGEFR etc 1 4AGC Reversible
Bosutinib 2012/09 ABL/SRC 1 40TW | Reversible
Regorafenib 2012/09 VEGEFR etc I - Reversible
Tofacitinib 2012/11 JAK1/JAK3 1 3LXN | Reversible
Cabozantinib 2012/11 c¢-MET/VEGFR2 | 11 - Reversible
etc
Ponatinib 2012/12 ABL 11 4C8B Reversible
Trametinib 2013/05 MEKI1 111 - Reversible
Dabrafenib 2013/05 BRAF I 4XV2 Reversible
Afatinib 2013/07 EGFR I 4G5J Irreversible
Ibrutinib 2013/11 BTK 1 41FG Irreversible
Ceritinib 2014/04 ALK I 4MKC | Reversible
Idelalisib 2014/07 PI3Kd I 4XEOQ Reversible
Nintedanib 2014/10 VEGEFR etc 1 3C7Q Reversible
Palbociclib 2015/02 CDK4/CDK6 I 2EUF Reversible
Lenvatinib 2015/02 VEGFR1/2/3 1 3WZD | Reversible
Cobimetinib 2015/11 MEK 1 4AN2 Reversible
Osimertinib 2015/11 EGFR I 47ZAU Irreversible
Alectinib 2015/12 ALK I 5XV7 Reversible
Ribociclib 2017/03 CDK4/CDK6 I SL2T Reversible
Brigatinib 2017/04 ALK/EGFR 1 SJTH Reversible
Midostaurin 2017/04 FLT3 etc I 4NCT Reversible
Neratinib 2017/06 EGFR/HER2 I 211V Irreversible
Abemaciclib 2017/09 CDK4/CDK6 1 SL2S Reversible
Copanlisib 2017/09 PI3Ka/PI3Kd I 5G2N Reversible

(continued)
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Table 1 (continued)

Approved Approved Inhibitor of | PDB Reversible/
inhibitors date Primary targets | type entry irreversible
Acalabrutinib 2017/10 BTK I - Irreversible
Fostamatinib 2018/04 SYK 1 3FQS Reversible
Baricitinib 2018/05 JAK1/2 1 4W9X | Reversible
Binimetinib 2018/06 MEK 111 4U7Z Reversible
Encorafenib 2018/06 BRAF 1 - Reversible
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Fig. 2 Type I inhibitors that occupy the front pocket region, the adenine-binding area, and the
hydrophobic pocket region. (a) The drug gefitinib binding to the kinase EGFR (pdb 4122). (b) The
other 11 drugs with the same binding features as gefitinib
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drugs (Fig. 2b), although acting on different kinase targets, also share the same
binding pattern as gefitinib. This class of Type I binding, which consists of binding
to the adenine-binding pocket, the hydrophobic pocket region, and the front pocket
region, constitutes the largest cluster of 12 FDA-approved drugs. In this class, it is
worth noting that afatinib, neratinib, ibrutinib, and acalabrutinib not only contain
the corresponding hydrophilic substituents elongating into the front pocket but also
carry an acrylamide electrophilic group forming a covalent interaction with a nearby
cysteine within the front pocket region [27, 30, 31]. The four covalent drugs together
with another covalent drug osimertinib are irreversible kinase drugs, which are dis-
cussed in the chapter on irreversible inhibitors.

Ribociclib is an inhibitor of cyclin D1/CDK4 and CDKG6 for the treatment of
hormone receptor-positive, HER2-negative metastatic or advanced breast cancers
[32]. Like the binding mode of gefitinib (Fig. 2a), ribociclib binds to the adenine-
binding area via its 2-amino pyrimidine scaffold forming two hydrogen bonds with
the hinge and binds to the front pocket region via the piperazine-substituent group
(Fig. 3a) [33]. However, ribociclib does not occupy the hydrophobic pocket like
gefitinib but interacts with the DFG-motif region via one carboxamide group. The
carboxamide group forms interactions with Asp163 of the DFG motif and Lys43,

P Y ek M

Sunitinib Ceritinib Pazopanib Axitinib

O (6 o
J/c g No NH Qﬁj R\ﬁ \/o (\"U
& af® pﬁ""‘” °

Sopaniisit M erigatini Abemaciclib Palbociclib

Fig. 3 Type I inhibitors bound to the front pocket region, the adenine-binding area, and the DFG-
motif region. (a) The drug ribociclib binding to the kinase CDK6 (pdb 512t). (b) The other nine
drugs with the same binding features as ribociclib
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which is located on the “roof” of the ATP-binding site (Fig. 3a). The other nine
drugs (Fig. 3b) share the same binding mode as that of ribociclib (i.e., occupying the
front pocket region, the adenine-binding area, and the DFG-motif region) although
targeting different kinases. In this class, encorafenib was approved by the FDA in
combination with binimetinib for the treatment of patients in June 2018. The
encorafenib/binimetinib combination has shown the best-in-class efficacy and toler-
ability for patients with BRAF V60OE—mutant advanced unresectable or metastatic
melanoma [34]. Similar drug combinations had been validated previously;
dabrafenib/trametinib was approved in January 2014 and vemurafenib/cobimetinib
was approved in November 2015 for the same population [35]. Using drug
combinations represents an emerging kinase application strategy in clinical care
owing to a more detailed understanding of the underlying kinase signaling networks.

Vemurafenib exhibits a different binding mode. Vemurafenib works specifically
for melanoma patients with the BRAF V600E mutation [36] and was approved by
the FDA in August 2011. Vemurafenib binds to the kinase BRAF and contains a
chlorobenzene group occupying the front-pocket region, the 7-azaindole group
occupies the adenine-binding area and forms hydrogen-bond interactions, the sul-
fonamide group interacts with the DFG-motif region, and the propyl group extends
into the hydrophobic pocket region (Fig. 4a) [37]. Due to this extension of the pro-
pyl group into the hydrophobic pocket, leading to the c-Helix-out displacement,
BRAF adopts a DFG-in/c-Helix-out inactive conformation [38]. The drug lenva-
tinib follows the same binding mode as vemurafenib (Fig. 4b) [39]. Unlike the other
drugs described thus far, the binding modes of vemurafenib and lenvatinib avail
themselves of additional adjacent regions to achieve selectivity, including the front-
pocket region, the DFG-motif region, and the hydrophobic pocket.

Midostaurin has been found to be active against more than 100 kinases and was
approved for the treatment of adult patients with fms-like tyrosine kinase 3 (FLT3)-

Hydrophobic
pocket

DFG motif

/A-_S\\

Fig. 4 Type I inhibitors bound to the front pocket region, the adenine-binding area, the hydropho-
bic pocket region, and the DFG-motif region. (a) The kinase BRAF-vemurafenib complex (pdb
30g7). (b) The drug lenvatinib with the same binding features as vemurafenib

Lenvatinib
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Fig. 5 Type I inhibitors bound to the adenine-binding area and the P-loop region. (a) The kinase
DYRKIA in complex with the drug midostaurin (pdb 4nct). (b) The other four drugs with the same
binding features as midostaurin

positive AML in combination with chemotherapy [40]. Midostaurin binds to the
ATP-bound space of FLT3 (Fig. 5a). Specifically, the pyrrolidine group of midostau-
rin forms two hydrogen bonds with the hinge region of FLT3, and the benzamidine
group and the indole group interact with the P-loop cleft. Although midostaurin is
approved, common side effects result from lack of specificity and hence binding to
off-targets [41]. Four other drugs (Fig. 5b), tofacitinib, idelalisib, baricitinib, and
ruxolitinib, follow the same binding mode to bind to their corresponding kinase
targets by also occupying the adenine-binding region and the P-loop region.

The drugs dabrafenib, osimertinib, and fostamatinib exhibit different binding
modes(Fig. 6a—c). Dabrafenib is an effective drug in the treatment of advanced
melanoma patients with the BRAF V600E mutation [42]. Dabrafenib binds to the
front pocket region, the adenine-binding area, and the P-loop region (Fig. 6a) [43].
However, dabrafenib resistance develops in the majority of patients after approxi-
mately 6 months of treatment. To overcome this resistance, the FDA approved a
combination of dabrafenib and trametinib, a MEK inhibitor [44] for BRAF V600E/
K-mutant metastatic/advanced melanoma, or as an adjunct treatment for BRAF
V600E advanced patients following chemotherapy [45]. Osimertinib is the third-
generation EGFR T790M inhibitor to treat metastatic/advanced NSCLC [46].
Selectivity is achieved by binding to the P-loop region, the adenine-binding region,
and the front pocket region of the EGFR binding pocket (Fig. 6b). To improve the
selectivity, the acrylamide group is incorporated into osimeritinib to form a covalent
interaction with the residue C797. In the clinic, drug resistance usually develops in
about 10 months mainly due to the C797S mutation [47]. Fostamatinib is a Syk
inhibitor for the treatment of chronic immune thrombocytopenia (ITP) and bears a
3,4,5-trimethoxyphenyl group at the front pocket region, a pyrimidine group occu-
pying the adenine-binding area, a pyridine derivative occupying the P-loop region,
and a phosphate group binds within the DFG-motif region (Fig. 6¢).

In summary, Type I drugs bind to the common adenine scaffold region and extend
into adjacent regions. Figures 2, 3, 4, 5, and 6 show that it is vital to utilize one or



Overview of Current Type I/1I Kinase Inhibitors 21

Fig. 6 Type I kinase drug-binding modes. (a) The drug dabrafenib bound to the adenine-binding
area, the hydrophobic pocket region, and the DFG-motif region of the kinase BRAF (pdb 4xv2).
(b) The drug osimertinib bound to the front pocket region, the adenine-binding area, and the P-loop
region of the kinase EGFR (pdb 4zau). (¢) The drug fostamatinib bound to the front pocket, the
adenine-binding area, the DFG motif, and the P-loop region of the kinase Syk (pdb 3fqs)
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more adjacent regions to achieve the desired selectivity for specific kinases. In Type
I binding mode another common feature has the DFG motif in an “In” conforma-
tional state, which means the side chain of the aspartic acid of the DFG motif points
to the hinge region of kinases, often called the “active” kinase state.

Type Il Binding Modes

Kinase structure research has provided a wealth of information on conformational
plasticity, a major factor to determine different binding modes [16]. The Type II
binding mode was validated with the approval of the first drug, imatinib, in 2001.
The cocrystal Abl-imatinib complex demonstrated that the Type II inhibitor bound
not only to the ATP adenine group area but extended into the allosteric pocket with
the benzamide substituent (Fig. 7a). In contrast to the aforementioned Type I bind-
ing mode required for the inhibitors to be accommodated in the “DFG-in” confor-
mational state, the Type II inhibitor induces a dramatic displacement of the “DFG”
motif (Fig. 7a) and, consequently, the sidechain of the phenylalanine of the “DFG”
motif flips and points to the hinge, referred to as the “DFG-out” conformation
[13]. In addition, the “DFG-out” motif normally forms a hydrogen bond interac-
tion with the amino group of imatinib. To date, six Type II kinase drugs have been
approved (Fig. 7b). Their common binding modes, occupying the adenine-binding
area, the DFG-out motif region, and the allosteric pocket region, have formed the

L
NH
(9] NH

e

Cabozantinib F

Nilotinib Regorafenib Sorafenib

Fig. 7 Type II inhibitors bound to the adenine-binding area, the DFG motif, and the allosteric
pocket region. (a) The Abl-imatinib cocrystal structure (pdb lopj). (b) The other five drugs with
the same binding features as imatinib



Overview of Current Type I/1I Kinase Inhibitors 23

typical Type II binding pattern. It is worth noting that Type II inhibitors, occupy-
ing the allosteric pocket region [48], are not intrinsically more selective than Type
I inhibitors [49].

Successes and Limitations

Over the last 30 years, kinase drug research has made great progress, transforming
kinase targets from being “undruggable” to highly tractable. Consequently, kinase-
targeted drugs have revolutionized the treatments of human cancers such as NSCLC,
melanoma, thyroid cancer, breast cancer, lymphoma, and leukemia as well as rheu-
matoid arthritis and immune thrombocytopenia [6]. Moreover, additional promising
kinase targets [8], for example, CDK7, CDK11, and DYRKI1A, have been added to
an expanding druggable kinome [13].

Beyond single drug—single target pharmacology lies progress in addressing
multigene-driven diseases using multitarget kinase drugs. Hence, it is important to
systematically verify the target spectrum of a given inhibitor across the whole kin-
ome. Correspondingly, kinome profiling techniques, such as KinomScan and
Kinativ [13], have been developed to test kinome-wide selectivity. As such, the
kinome-centric view has led to a standard protocol as part of kinase drug R&D [8].
Moreover, kinase research benefits from our increased understanding of signaling
networks and the pathology of human diseases, which provides support to an
increasing number of combinations studies in both preclinical and clinical settings
[35]. Take drug development for NSCLC as an example. Drug resistance frequently
occurs after treating NSCLC with EGFR inhibitors [50]. Besides mutations in the
kinase domain, notably T790M, further drug resistance arises through the dysregu-
lation of the mesenchymal-epithelial transition factor (MET) [51]. Recently, focus-
ing on the resistance mechanism, it was found that a drug cocktail strategy combining
capmatinib (a MET inhibitor) with gefitinib (an EGFR inhibitor) is a promising
treatment for patients with EGFR-mutated-MET-dysregulated, particularly MET-
amplified, NSCLC [52].

Covalent drugs with reduced toxicity and favorable selectivity have rapidly
emerged [31] as exemplified by the recent approval of five Type I irreversible kinase
inhibitors. Kinase covalent drugs form covalent interactions with noncatalytic resi-
dues such as cysteine or lysine situated around the binding pocket [27]. This has
revitalized interest in covalently targeting kinases and other protein targets in
general.

Notwithstanding, side effects of applying kinase inhibitor drugs due to off-
targeting still induce serious toxic effects, even end of life [6]. As such, kinase
inhibitor profiling needs to be augmented to a broader spectrum of possible targets
and the consequences explored both in vitro and in vivo.
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A further limitation is that current kinase research focuses on approximately 40

kinases, concentrated in a few targets, which include VEGFR (eight drugs approved),
EGFR (six drugs approved), ABL (five drugs approved), and ALK (four drugs
approved) [10]. Yet more than 100 kinases are directly associated with over 200
diseases. Much has been done, but there is much left to do [13].

Acknowledgments Thanks to Peng Wu for useful insights and corrections when reviewing this
manuscript.
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Avoiding or Co-Opting ATP Inhibition:
Overview of Type IIL IV, V, and VI Kinase
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Abstract As described in the previous chapter, most kinase inhibitors that have
been developed for use in the clinic act by blocking ATP binding; however, there is
growing interest in identifying compounds that target kinase activities and functions
without interfering with the conserved features of the ATP-binding site. This chap-
ter will highlight alternative approaches that exploit unique kinase structural fea-
tures that are being targeted to identify more selective and potent inhibitors. The
figure below, adapted from (Sammons et al., Molecular Carcinogenesis 58:1551—
1570, 2019), provides a graphical description of the various approaches to manipu-
late kinase activity. In addition to the type I and II inhibitors, type III kinase
inhibitors have been identified to target sites adjacent to the ATP-binding site in the
catalytic domain. New information on kinase structure and substrate-binding sites
has enabled the identification of type IV kinase inhibitor compounds that target
regions outside the catalytic domain. The combination of targeting unique allosteric
sites outside the catalytic domain with ATP-targeted compounds has yielded a num-
ber of novel bivalent type V kinase inhibitors. Finally, emerging interest in the
development of irreversible compounds that form selective covalent interactions
with key amino acids involved in kinase functions comprise the class of type VI
kinase inhibitors.
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Part A: Type III Kinase Inhibitors

The identification of new details about the structural features of kinases, their role
in enzyme activity, and their functions in regulating substrate recognition and phos-
phorylation have prompted research endeavors to develop kinase inhibitors that do
not interfere with the highly conserved ATP-binding site. For example, type III
kinase inhibitors are compounds that interact with specific structural features in the
catalytic site that are adjacent to the ATP-binding pocket. These sorts of innovations
are aimed at identifying drugs with reduced promiscuity and associated toxicities as
well as avoiding the development of ATP-binding site gatekeeper mutations that are
commonly observed to be responsible for acquired resistance to type I and II kinase
inhibitors [1].

Type 11l MEK1/2 inhibitors. The most studied type III kinase inhibitors have
been developed against the MAP or ERK Kinase-1/2 (MEK1/2) proteins, which are
primary mediators of constitutively active extracellular signal-regulated kinase
(ERK1/2) signaling that is observed in many cancers and proliferative disorders. In
the early 1990s, researchers, at what was then Parke-Davis & Company, screened a
library of small molecules using an in vitro kinase assay consisting of MEKI,
ERK2, and the generic substrate myelin basic protein (MBP) [2]. This screen identi-
fied the compound PD98059 to inhibit MEKI activation of ERK2, to inhibit
subsequent phosphorylation of MBP in an in vitro assay, and to block ERK activation
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in cells. PD98059, which turned out to be ~10 fold more selective for MEK1 than
MEK?2, was the first non-ATP-competitive inhibitor that paved the way for the
development of additional type III MEK1/2 inhibitors. In the early 2000s, the orally
bioavailable MEK1/2 inhibitor, PD184352 (CI-1040), was the first type III kinase
inhibitor to enter clinical trials [3].

The first structural description of the allosteric-binding pocket on MEK1/2 [4]
laid the groundwork for the discovery of additional type III MEK1/2 inhibitors,
including selumetinib, cobimetinib, and trametinib that are currently being used to
treat several types of cancer. As single agents, the type III MEK1/2 inhibitors have
not had the anticipated clinical success [5]. However, the use of the type IIl MEK1/2
inhibitors in combination with other kinase inhibitors has provided clinical benefits
in treating cancer, especially in the context of inhibitors of mutated BRaf where a
single amino acid change from a valine to glutamate in the catalytic site causes
constitutive activation of the kinase [6]. For example, progression-free survival was
greatly improved in melanoma patients receiving cobimetinib (GDC-0973) in com-
bination with the type I BRaf inhibitor vemurafenib to treat mutated BRaf express-
ing melanoma [7]. Similarly, the MEK1/2 inhibitor trametinib is used in combination
with the type I BRaf inhibitor dabrafenib to treat mutant BRaf expressing metastatic
melanoma, thyroid cancer, and non-small cell lung cancer [8-10].

The unique structural features adjacent to the ATP-binding site of MEK1/2 have
been used to identify compounds that inhibit MEK1/2 activity and may have appli-
cations targeting other kinases. Zhao et al. have presented an excellent review of the
type III kinase inhibitor-binding mode with a focus on interactions with MEK1/2
proteins [11]. These studies provide evidence that unique structural features in cata-
lytic/kinase domains can be exploited to design more selective kinase inhibitors.
The authors compared 29 known structures of MEK1 with type III kinase inhibitors
and identified three different allosteric regions in the catalytic site that represent
structural targets for inhibitor development (Fig. 1). The first region is a hydrophobic
pocket that interacts with hydrophobic groups of inhibitor compounds. The second

Fig. 1 Structure of MEK1 and allosteric regions near ATP-binding site. Shown is the structure of
MEKI (pdb:1S9J) and three regions, (1) a hydrophobic pocket (L115, L118, V127, and M143) in
red, (2) lysine (K97) in green, and (3) residues in the activation loop (C*’DFGVS?'2, 1215, M219)
in yellow, involved in allosteric drug binding. The type III inhibitor, PD318088, is shown in black
lines



32 R. Martinez III et al.

region is a key lysine involved in enzyme catalysis. The third region includes the
DFG motif and parts of the activation loop. The activation loop of the MEK1/2
proteins is unique in that it forms a short helix that allows specific interactions with
type III inhibitors [4]. While the activation loop is typically disordered in kinases
where structural information is available, other kinases including p38a MAP kinase
and B-Raf kinase, along with MEK1/2, have been reported to adopt these short
helix structures in the activation loop [11]. Thus, this unique structural feature could
be used to develop type III inhibitors for other kinases. Computational modeling
further supports the formation of unique helix structures in the activation loop of
other kinases and the potential for selective drug targeting [11].

The structure of cobimetinib bound to MEK1, highlighted in Chap. 2, demon-
strates key features that determine the efficacy of type III MEK inhibitors in block-
ing MEK1/2 in cancers driven by mutations in Ras or BRaf. Previous studies
indicate that wild-type and mutant BRaf proteins have differences in their mecha-
nism of MEKI1/2 activation [12]. Wild-type BRaf is dependent on the upstream
Ras-G proteins whereas mutant BRaf signals through the MEK-ERK pathway in a
Ras-independent manner. Based on these differences in BRaf-mediated signaling,
the efficacy of MEK1/2 inhibitors in blocking mutant Ras or BRaf cancer cell lines
was shown to have qualitative differences [13].

These studies went on to provide evidence that the strength of the type III
MEK1/2 inhibitor’s interactions with serine 212 (S212, numbering according to
MEK1) in the activation loop helix determined the compound’s potency in cancers
with different ERK pathway driving mutations [13]. For example, the MEK inhibi-
tors that had strong interactions with S212 resulted in stabilized Raf-MEK com-
plexes in the context of wild-type BRaf but not with mutant BRaf. This suggests that
the stabilization disrupted the ability of wild-type BRaf to access and phosphorylate
MEK in cancer cells expressing mutant Ras. Alternatively, weaker interactions with
S212, as is the case with cobimetinib, were more effective against cancer cells with
activating BRaf mutations due to the compound’s preferential binding to the acti-
vated form of MEK1. The structure of MEK1 with cobimetinib highlights the prox-
imity of the drug with S212 (Fig. 2). These findings provide a novel example where

Fig. 2 Structure of MEK1
and cobimetinib. The
strength of MEK1 binding
to S212 is implicated in
affecting the efficacy of
MEK inhibitors in mutant
BRaf or Ras-driven
cancers. The ribbon
structure of MEK1
(pdb:4LMN) is shown in
complex with cobimetinib
(magenta) and S212
(orange). The conserved
catalytic lysine (K97) is in
yellow
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information on kinase regulation, structural features, and chemical synthesis can be
combined to design type III inhibitors with optimal efficacy depending on the
genetic mutation.

Type Il PI3K and Akt inhibitors. Significant effort has gone into identifying
compounds that block the phosphoinositide-3-kinase (PI3K) or downstream Akt
effector proteins, which are frequently dysregulated and active in many cancer
types [14]. Constitutively active PI3K signaling provides cancer cells with sur-
vival advantages including inhibiting apoptosis signals and promoting the expres-
sion of proteins that promote proliferation [14, 15]. One of the major targets of
Akt in protecting cancer cell survival is the mammalian/mechanistic farget
of rapamycin (mTOR) protein complex. Although there have been a number of
research programs aimed at the development of ATP-competitive inhibitors of
PI3K or Akt, compounds identified have shown limited clinical efficacy or cause
unacceptable toxicity [14]. Nonetheless, several ATP-competitive PI3K inhibitors
are in development and at least three (idelalisib, copanlisib, and alpelisib) have
been approved for clinical use in treating types of lymphoma/leukemia and breast
cancer [16]. However, as with other ATP-competitive protein kinase inhibitors,
acquired drug resistance is a common feature preventing sustained clinical
responses.

In addition to type I/II kinase inhibitors, Akt proteins have been the focus of
type III kinase inhibitor development. A unique structural feature of Akt proteins
is a pleckstrin homology (PH) domain that interacts with the phosphoinositides on
the intracellular side of the plasma membrane and regulates Akt activation. Based
on the structural differences between a pocket formed by the PH and kinase
domains in the inactive versus the active membrane bound Akt protein, a com-
pound called Inhibitor VIII was identified and found to promote Aktl adoption of
an inactive state [17]. The crystal structure reveals key interactions with a trypto-
phan in the PH domain and residues in the kinase domain that are selective for the
Aktl isoform (Fig. 3). One key finding was the formation of a hydrogen bond
between Inhibitor VIII and serine 205, which is not conserved amongst Akt iso-
forms, and could be used to design Aktl-selective inhibitors [17]. A similar allo-
steric inhibitor scaffold, referred to as compound Akt-I-1, that was dependent on
the PH domain, was also reported to be a selective inhibitor of the Aktl iso-
form [18].

Additional type III compounds with similar structures and mechanism of action,
in targeting allosteric sites near the PH and kinase domains of Akt proteins, have
entered clinical trials, including MK-2206 [19], BAY 1125976 [20], and ARQ 092/
Miransertib [21]. Given the significance of other Akt isoforms (e.g. Akt2 and 3) in
mediating mTOR signaling and survival advantages in cancer cells, ARQ 092 was
engineered to potently inhibit Aktl, -2, and -3 proteins. Structural studies between
ARQ 092 and Akt1 revealed key interactions with W80 and T82 in the PH domain
as well as Y272 and D274 in the kinase domain (Fig. 4). These residues are con-
served in all Akt isoforms, which may explain the similar potencies of ARQ 092
against these proteins. Phase 1/2 clinical trials with ARQ 092 was recently reported
to show beneficial effects in treating patients with diseases containing constitutively
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Fig. 3 Interactions between Aktl and a type III inhibitor. Aktl (pdb:3096) is shown in complex
with Inhibitor VIII (black lines) interacting with a tryptophan (W80) in the PH domain (red), and
residues 189-198 of the aC-helix in the kinase domain (cyan), and S205 (green)

Fig. 4 Interactions
between Aktl and ARQ
092. Aktl (pdb:5KCV) is
shown in complex with
ARQ 092 (black lines)
interacting with a
tryptophan and threonine
(W80, T82) in the PH
domain (green) and
residues Y272 and D275 in
the kinase domain (cyan).
Lysine (K97) involved in
enzyme catalysis is shown
in yellow

active PI3K or Aktl including PIK3CA-related overgrowth spectrum, Proteus syn-
drome, and ovarian carcinoma [22, 23].

Type Il Trk inhibitors. The ropomyosin receptor kinase (Trk) family consists of
receptor tyrosine kinases that are mostly expressed in neuronal tissue and respond to
neurotrophin stimuli to regulate nervous system function [24]. The discovery of ele-
vated Trk activity, as a result overexpression or genetic fusions, in many cancer cell
types has promoted the discovery of Trk inhibitors [25]. As a result, a number of
broad-spectrum ATP-competitive inhibitors of Trk isoforms, such as FDA-approved
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larotrectinib and others compounds in clinical trials, are showing promising results for
treating cancers with high Trk activity [26, 27].

The broad spectrum of functions performed by Trk proteins in regulating neuro-
nal tissue has led to the investigation of isoform specific inhibitors. Of the TrkA/B/C
isoforms, TrkA has been the primary isoform implicated to treat pain in mediating
pain associated with inflammation [28]. Specifically, TrkA responds to nerve growth
factor to maintain the growth and survival of sensory nerves that mediate pain sen-
sation. Thus, TrkA-selective inhibitors are viewed to have clinical potential in treat-
ing pain associated with inflammation. However, the current type I and II Trk kinase
inhibitors cannot discriminate between Trk isoforms. To overcome this obstacle,
Bagal et al. used a cell-based assay to screen for TrkA-selective compounds and
identified a type III TrkA kinase inhibitor [29]. Importantly, the compounds showed
selectivity for peripheral nociceptor neurons due to enhanced recognition by blood-
brain barrier efflux transporters, which reduced undesirable effects on TrkA signal-
ing in the central nervous system [29]. The key features of the lead TrkA-selective
inhibitor, compound 23, reveal interactions with amino acids in a pocket behind the
ATP-binding site of TrkA including D668 and R673 (Fig. 5).

The characterization of unique allosteric sites adjacent to the ATP-binding site
has promoted the development of selective type III inhibitors that have shown clini-
cal benefits in cancer therapy. Type III kinase inhibitors may help overcome drug
resistance to type I/II inhibitors that occurs with mutations in the ATP-binding site
of kinases such as EGFR [30]. Additional examples of non-ATP-competitive type
IIT kinase inhibitors have been reported for cyclin-dependent kinase-2 (CDK2) [31]
and glycogen synthase kinase-3p (GSK3p) [32]. It is expected that the future clini-
cal landscape will have more small-molecule protein kinase inhibitors that adopt
non-ATP-competitive approaches in their mechanism of action.

Fig. 5 Interactions
between TrkA and
compound 23. TrkA
(pdb:6D20) are shown in
complex with compound
23 (magenta lines) making
key interactions with
residues R673 and D668
(green). The conserved
catalytic lysine (K544)
near the ATP-binding site
is shown in yellow
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Part B: Type IV Kinase Inhibitors

A relatively new area in the development of selective kinase inhibitors has focused
on targeting unique structural features outside of the ATP-binding or catalytic sites.
These allosteric regions are targets of the type IV kinase inhibitor compounds and
have the potential to alter enzymatic activity by disrupting the access to upstream
activators or prevent the phosphorylation of select downstream substrates. As dis-
cussed in Chap. 1, most kinases have pleiotropic functions involving the phosphory-
lation and regulation of a variety of diverse substrates. Thus, a potential advantage
of type IV kinase inhibitors is the opportunity to disrupt the phosphorylation of
some but not all substrates. In other words, the type IV kinase inhibitors may enable
new approaches to selectively block only the kinase functions associated with a
particular disease while preserving other kinase functions that have potential
benefits.

A major challenge in targeting allosteric sites outside the ATP binding/catalytic
site is determining what sites are important for relevant biological functions. Chapter
4 will present information on studies that have evaluated kinase interactions with
regulatory proteins or downstream substrates. This information provides a starting
point to identify compounds that could disrupt these interactions. In addition, the
Kinase Atlas is a publicly available resource that used FTMap computational
resources to help predict potential allosteric kinase hot spots that could be targeted
for the development of potential inhibitors or modulators of kinase signaling func-
tions [33, 34]. The FTMap algorithm examined nearly 5000 kinase structures from
376 different kinases that have been deposited into the Protein Data Bank for pre-
dicted binding of small organic molecules. From this, the Kinase Atlas identified ten
hot spots outside the ATP-binding/catalytic site that are predicted to contribute to
binding free energy of a ligand and are potential drug targets for the development of
type IV kinase inhibitors. This section will highlight some recent examples of the
discovery of type IV kinase inhibitors and potential applications in modulating
kinase functions in disease. Wu et al. have previously reviewed several allosteric
inhibitors that fall into the type III and IV categories [35].

Type IV inhibitors of MAP kinases. New understanding of the binding sites that
regulate kinase interactions with substrates has facilitated the development of type
IV kinase inhibitors targeting the mitogen-activated protein (MAP) kinases. Focus
will be on the three major family members of MAP kinases: ERK, JNK, and p38
MAP kinases. The first studies describing type IV inhibitors of ERK2 were pub-
lished nearly 15 years ago [36, 37]. These studies used computational approaches to
predict molecular structures that would interact with D-domain recruitment site
(DRS)-involved substrate docking to inactive or active ERK2. Several compounds
that contained a thiazolidinedione scaffold were shown to reduce ERK-mediated
phosphorylation of downstream substrates such as p90 ribosomal S6 kinase (RSK-1)
and the transcription factor ELK-1 and inhibited several cancer cell lines in a dose-
dependent manner [36]. However, the limitations of these studies were the lack of
definitive experimental evidence for the binding interactions between the compounds
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and ERK?2 and the relative low potency of the compounds. Recent studies [38, 39]
highlighting the design of new type IV inhibitors targeting the DRS on ERK2 will
be the topic of discussion in Chap. 6.

Additional type IV ERK2 inhibitors have been designed to target ERK2 at the
F-recruitment site (FRS), which is involved in regulating the activation of proto-
oncogene transcription factors including members of the Fos family and c-Myc
[40]. Bioactive compounds from these studies contained a thienyl benzenesulfonate
scaffold and inhibited activator protein-1 (AP1) transcription activity and mela-
noma cells containing activating mutations in BRaf or NRas. The specific interac-
tions between these compounds and ERK2 have not been experimentally determined.

Dimerization between kinase monomers may affect the activation and subcellu-
lar localization of the ERK and JNK MAP kinases [41, 42]. Although dimerization
between active ERK2 monomers was initially reported to be essential for nuclear
localization [42], other studies provide evidence that active ERK2 dimerization may
be related to nonphysiological interactions between histidine tags used for protein
purification and that untagged ERK?2 exists as a monomer under physiological con-
ditions [43]. Similarly, other studies using fluorescence imaging of live cells indi-
cate that ERK2 dimerization is not required for nuclear entry [44]. However, active
ERK2 dimers reportedly function to regulate substrate phosphorylation in the cyto-
plasm but not in the nucleus [45]. As such, research efforts have examined the
potential to inhibit ERK2 dimerization and selectively block kinase functions in
subcellular locations. Herrero et al. reported the identification of a small molecule
inhibitor of ERK2 dimerization that inhibited cytoplasmic activity of ERK2 and
tumor progression in mouse xenograft models [46]. Using in silico modeling, com-
pound DEL-22379 reportedly disrupted ERK2 dimer interactions by forming con-
tacts in a cleft near the activation loop consisting of residues D175, H176, F181, and
F329. A nonhelical leucine zipper consisting of residues L.333, L.336, .344 and ion
pairs between H176 and E343 on ERK2 monomers have been shown to be impor-
tant for the formation of ERK dimers [47].

Type IV inhibitors have also been recently developed to target BRaf dimers [48].
Based on the dimerization interface, cyclized peptides were designed to disrupt
BRaf dimers and activation of downstream ERK1/2 pathway signaling. Importantly,
this approach may be beneficial in treating cancers with wild-type BRaf and over-
come the observed paradoxical activation of ERK1/2 signaling seen with ATP-
competitive BRaf inhibitors [49].

The c-Jun N-terminal kinase (JNK) family has been implicated in a number of
diseases including diabetes [50]. INK activity is regulated through interactions with
a JNK-interacting protein (JIP1), which acts as a scaffold that facilitates the interac-
tions between JNK and its upstream kinases. Taking advantage of the structural
interactions between JIP1 and JNK1, which will be highlighted in Chap. 4, new
small molecules that block this interaction and inhibit JNK substrate phosphoryla-
tion were identified [51]. These studies used a fluorescence-based assay that
screened compounds for their ability to disrupt the interactions between a JIP1 pep-
tide and JNK1. Several compounds were identified to disrupt the JIP1-JNK interac-
tions with ICs, values in the 500 nM range. One compound, BI-78D3, was effective
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at inhibiting JNK activity but was several orders of magnitude less active against
related MAP kinases or unrelated kinases. While the exact binding mode of BI-78D3
with JNK1 is not known, these studies provide the basis for generating effective
type IV JNK inhibitors.

Additional type IV inhibitors of INKI have been identified to target a unique
allosteric site that sits below the activation loop [52]. These studies used mass spec-
trometry to screen ~500,000 compounds based on their affinity to JNK1. Of the 68
candidate JNK1 ligands identified from the screen, NMR analysis revealed com-
pounds that bound the ATP site or allosteric sites. Figure 6 shows the interactions
between JNK1 and an allosteric-binding type IV inhibitor referred to as compound
3, which contains a biaryl tetrazole scaffold. These compounds are binding to a
region that has been shown to regulate interactions with substrates and regulatory
proteins [53]. However, there is no evidence that compound 3 modulates kinase
function through disruption of interactions with substrates. Modifications of com-
pound 3 yielded non-ATP-competitive compounds that may stabilize JNK1 in a way
that interferes with phosphorylation by the upstream MEK?7 activator kinase [52].

In addition to small molecules, synthetic peptides targeting the JIP1 site on JNK
have entered clinical trials to reduce ocular inflammation [54]. Brimapitide
(XG-102) has completed phase II trial with 145 patients, and the effects were
reported to be comparable to standard dosing with dexamethasone. Brimapitide is
also being tested to reduce JNK-mediated inflammation associated with hearing
loss and Alzheimer’s disease [55, 56]. A phase III clinical trial at sites in Europe and
Asia indicate brimapitide is effective against idiopathic sudden sensorineural hear-
ing loss [57].

The failure of ATP-competitive p38 MAP kinase inhibitors in clinical trials for
the treatment of inflammatory disorders [58] has encouraged new approaches to
target p38 isoforms including the identification of novel allosteric type I'V inhibitors.

Fig. 6 Interactions between a type IV biaryl tetrazole and JNK1. Shown is a JNK1 dimer (PDB:
302M) with activation loop residues T183 and Y185 (red), the MAPK insert sites G242, A267
(cyan), and substrate-docking site residues Y230, 1231, W234 (orange) involved in interactions
with compound (magenta lines). The conserved K55 involved in ATP catalysis is shown in green
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Like the previous studies identifying allosteric JNK inhibitors, Comess et al.
screened for compounds that targeted allosteric sites on p38ax MAP kinase [52]. An
allosteric inhibitor, called compound 10, was identified and found to interact with
p38a MAP kinase in a region below the activation loop similar to what was observed
with the allosteric compound targeting JNK that was described in Fig. 6. Compound
10 interacted with residues below that activation site that are also adjacent to a
substrate-docking site (Fig. 7). Like the JNK inhibitor compound, compound 10 is
thought to cause an allosteric structural change that disrupts p38a MAP kinase acti-
vation by upstream kinases.

Shah et al. used computational approaches to identify compounds that target a
pocket adjacent to the DRS of p38a MAP kinase [59]. Unique to these compounds
were their isoform preference for interactions with p38a over p383 MAP kinase,
which may help mitigate excess toxicity observed with the ATP-competitive inhibi-
tors tested previously [60, 61]. Another potential advantage of these compounds is
their ability to inhibit pro-inflammatory substrates involved in acute lung injury
associated with acute respiratory distress syndrome (ARDS) but preserve the activa-
tion of anti-inflammatory signals that might be beneficial [62]. For example, Shah
et al. describe a lead compound, UM101, that inhibited the proinflammatory sub-
strate MAPK-activated protein kinase-2 (MAPKAPK2 or MK?2) but preserved the

Fig. 7 Interactions
between compound 10
(magenta lines) and p38a
MAP kinase. (PDB:
3NEW). Interacting
residues W197, S252,
1250, P191, L246, L.292
(cyan). Activation site
resides T180 and Y182
(green). The conserved
catalytic lysine (K53) is
shown in yellow
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activation of the antiinflammatory p38 substrates mitogen- and stress-activated pro-
tein kinase-1/2 (MSK1/2) [59]. The authors went on to demonstrate that UM101
protected against lung damage by reducing endothelial cell damage and neutrophil
leakage in a mouse model of lipopolysaccharide (LPS)-induced acute lung injury.
These studies provide compelling evidence that function-selective type IV p38a
MAP kinase inhibitors have the potential to reduce toxicity observed with blocking
all p38 MAP kinase functions while maintaining in vivo efficacy.

BCR-ADbI inhibitors. Efforts to overcome resistance to ATP-competitive inhibi-
tors in the treatment of chronic myelogenous leukemia (CML) have led to the iden-
tification of allosteric inhibitors of BCR-AbIl [63, 64]. Adrian et al. designed a
compound, GNF-2, that targeted the interactions between an N-terminal myristoyl
group and a hydrophobic region in the C-terminus of the c-Abl kinase [65].
Myristoylation is a posttranslational modification where a fatty acid derivative of
myristic acid is linked to proteins and facilitates localization to cell membranes. It
is estimated that 0.5-0.8% of all eukaryotic proteins are myristoylated [66]. GNF-2
was more effective at inhibiting nonmyristoylated c-Abl than the myristoylated
kinase. Similarly, GNF-2 bound to c-Abl and could be competed off with a myris-
toylated peptide. Furthermore, mutations in the myristoylated-binding pocket of
c-Abl blocked GNF-2 inhibitory effects. NMR studies provided further evidence for
GNF-2 binding to the myristoylated pocket of c-Abl [63]. GNF-2 was demonstrated
to make key interactions with residues in the myristoyl-binding site (Fig. 8).

Fig. 8 Type IV inhibition of Abl. (a) Structure of c-Abl with myristoylated peptide (red) and the
ATP-competitive inhibitor PD166326 (black lines) (pdb: 10PK). (b) c-Abl interactions with
GNF-2 (red) and the ATP-competitive inhibitor imatinib (black lines) (pdb:3K5V). The conserved
catalytic lysine (K271) is in yellow. Myristate-binding site residues 1.340, D381, C464, P465,
V506 are shown in cyan
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Small allosteric compounds targeting the myristoyl-binding site of c-Abl have
also been shown to induce conformational changes that activate kinase activity
[67]. Yang and colleagues took advantage of structural studies that suggested that
interactions between the myristoyl group and the myristoyl-binding site regulated
c-Abl activity and identified the kinase activator DPH (5-(1,3-diaryl-1H-pyrazol-
4-yDhydantoin). In contrast to GNF-2, which locks a key a-helix (see Fig. 8)
required for catalytic activity in a closed inhibited state, DPH caused an extension
of this a-helix observed when c-Abl is activated [67]. While the inhibition of Abl
activity is desired in the context of cancers with constitutively active BCR-Abl
fusion proteins, activation of wild-type c-Abl may limit breast cancer cell prolif-
eration and metastasis [68].

PDK] inhibitors. An important co-activator of Akt proteins is phosphoinositide-
dependent protein kinase-/ (PDK1), which co-localizes with Akt at the plasma
membrane through the PH domain. PDK1 is unique because it is required for the
full activation of Akt and other members of the AGC protein kinase family [69].
PDKI interactions with substrates occur through a PDK1 interacting fragment (PIF)
pocket [70]. The PIF pocket occupies an allosteric site referred to as helix oC that
regulates protein-protein interactions and kinase activity. Rettenmaier et al. identi-
fied small molecules based on a diaryl sulfonamide chemical scaffold that interact
with the PIF pocket and inhibit PDK1 [71]. Structural studies revealed key interac-
tions between their compound RS1 and residues R131 and L155 in the PIF pocket
(Fig. 9). Although ATP-competitive PDK1 inhibitors had limited efficacy as a
monotherapy in mice with acute myeloid leukemia xenografts [72], combining
them with the PIF pocket inhibitors may provide greater inhibition of Akt signaling
and subsequent tumor suppression [71].

Fig. 9 Interactions between PDK1 and compound RS1. PDK1 (pdb:4RQK) is shown in complex
with RS1 (magenta lines) interacting with a R131 and L155 in the PIF pocket (green). ATP is
highlighted as yellow lines
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Inhibitors of CDK?2 interactions with cyclin A. Allosteric type IV inhibitors have
been developed against cyclin-dependent kinase-2 (CDK?2) [73]. Cell cycle progres-
sion depends on the activity of CDK proteins, which are regulated by association
with cyclin proteins. CDK2 activity is essential for progression through G1 and
S-phase of the cell cycle and requires association with cyclin A. Based on structural
features of CDK2, a type IV inhibitor compound, 8-anilino-1-naphthalene sulfonate
(ANS), was identified to bind an allosteric site near the DFG region and causes a
structural change that disrupts interactions with cyclin A. The CDK2-ANS structure
was shown previously in Chap. 2. However, ANS-binding affinity for CDK2 is rela-
tively low (37 pM); therefore, it can be readily displaced by cyclin A [73]. To
improve the binding affinity of compounds targeting CDK?2 interactions with cyclin
A, Rastelli et al. did a virtual screen for compounds that are predicted to interact
with CDK2 in the ANS-binding site [31]. Experimental analysis of several lead
compounds revealed displacement of ANS from the cyclin A-binding site, which
suggested higher potency and targeting to the cyclin A-binding site. Although
experimental analysis of structural interactions between these new compounds and
CDK2 was not done, these studies provide the basis for targeting the activity of
CDK proteins through disruption of interactions with cyclins.

Inhibitors of mTOR. Contrary to compounds that disrupt protein-protein interac-
tions and prevent kinase activation, allosteric compounds that promote protein-
protein interactions and disrupt kinase functions have been well described in the
example of the mammalian target of rapamycin (mTOR) kinase. The mTOR kinase
complexes (MTORC1 and mTORC?2) are critical regulators of the immune system
and are upregulated in many cancer cells [74, 75]. Targeted inhibition of mTOR has
clinical uses as an immunosuppressant during organ transplants and as anticancer
drugs [76]. The natural product rapamycin and related analogues (or rapalogs such
as the FDA-approved sirolimus, temsirolimus, and everolimus) indirectly inhibit
mTOR by forming a complex with FK506-binding proteins (FKBP). The rapalog-
FKBP complex associates with a binding domain on mTOR that is outside the active
site and involved in facilitating the activation of substrates involved in protein syn-
thesis. In addition to their immunosuppressant roles, the mTOR inhibitors have
been FDA approved to treat renal cell carcinoma, breast cancer, and neuroendo-
crine tumors.

IKK inhibitors. Inflammatory diseases such as arthritis, asthma, and atheroscle-
rosis are thought to be a result of overactivation of the Nuclear Factor kappa-light-
chain-enhancer of activated B cells (NFkB) transcription factor [77]. As such,
dozens of compounds have been identified to inhibit NFkB activity [78]. To develop
more specific inhibitors, efforts to target kinases involved in NFkB activation have
been pursued. The NFkB inhibitory protein, IkB, is phosphorylated by the IkB
kinase (IKK), which targets IkB for degradation. Loss of IkB allows cytoplasmic
NF«kB to translocate into the nucleus and regulate the expression of inflammatory
genes. In addition to ATP-competitive inhibitors, allosteric inhibitors of IKK have
been identified [78]. Scientists at Bristol-Myers Squibb, using an in vitro kinase
assay consisting of IKK isoforms and IxB to screen for compounds that inhibit IxkB
phosphorylation, identified the IKK inhibitor BMS-345541 that was ~10 fold more
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selective for IKKP versus IKKa [79]. Although BMS-345541 does not compete
with ATP binding, the exact allosteric-binding mode of this compound is currently
unclear. In addition, clinical applications with this or related allosteric inhibitors of
IKK have yet to be reported.

Part C: Type V Kinase Inhibitors

The conserved structure of the ATP-binding site of protein kinases makes it chal-
lenging to develop specific inhibitors that block kinases through type I or II mecha-
nisms of action. However, developing compounds that target both the ATP-binding
site and a unique structural feature found on a specific protein kinase is the basis for
the development of type V or bivalent inhibitors. With the characterization of bind-
ing sites and peptide motifs that determine protein-protein interactions, highly
selective and potent type V inhibitors against tyrosine and serine/threonine kinases
have been identified. Gower et al. provided a relatively recent review of type V
bivalent protein kinase inhibitors that have been described [80]. These compounds
typically consist of a small molecule that targets the ATP-binding site coupled to a
peptide representing the substrate targeted by the specific kinase. This section will
describe some of these compounds and the approaches to develop selective type V
protein kinase inhibitors.

Early proof of concept studies for the development of bivalent protein kinase
inhibitors used the Src tyrosine kinase as a model [81]. Src and related tyrosine
kinases contain an SH2 domain that recognizes phosphorylated tyrosine and sur-
rounding amino acids on substrate proteins. Xu et al. provided the first structural
information of Src describing the coordination between the SH2 and SH3 domains
involved in protein-protein interactions and the catalytic site regulating kinase activ-
ity [82] (Fig. 10). Using this information, a SH2 domain—targeted peptide contain-
ing a phosphorylated tyrosine was linked to a nonphosphorylatable peptide that
interacts with the Src active site through a y-aminobutyric acid linker [81]. The key
findings from these studies indicated that the targeting peptides were most potent
when linked together and that the number of y-aminobutyric acid monomers in the
linker was important for maximum Src inhibition. More recent studies linked the
SH2 targeting peptide with an ATP-competitive inhibitor to achieve potent bivalent
¢-Src inhibitors [83, 84].

Bivalent kinase inhibitors based on a protein scaffold. Bivalent protein kinase
inhibitors as research tools have been developed using the DNA repair protein O°-
alkylguanine-DNA alkyltransferase (AGT) as a scaffold [85]. AGT contains a cys-
teine in the active site that reacts with O%benzylguanine (BG). This conveniently
allows the coupling of an ATP-competitive inhibitor to AGT through a linkage with
BG. Unique AGT fusion proteins can be expressed with a specific peptide ligand
that contains the second binding moiety that determines specificity for protein rec-
ognition. This technology, referred to as SNAP-tag, provides a convenient approach
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Fig. 10 Structural
domains in c-Src
(PDB:2SRC). The SH2
and SH3 domains are
shown in blue and red,
respectively. The kinase
domain and ATP-binding
site are shown in yellow
and green, respectively. A
potential peptide substrate
(magenta lines) interacting
with the SH-2 domain and
an ATP analog (black
lines) are shown

to generate and test the specificity of a variety of ligand targeting sequences and
their ability to achieve kinase inhibition in combination with ATP-binding site com-
pounds [86]. Specific AGT fusion proteins containing peptide ligands against Abl1,
PIM1, p38a MAPK, c-Src, and EGFR protein kinases have been described [86—88].
Another advantage of the SNAP-tag approach is that promiscuous ATP-competitive
inhibitors can be designed to be quite specific for a particular kinase [89].

Wong et al. described an analysis of three ATP-competitive inhibitors and nine
SNAP-tag fusion proteins to determine the contribution of each targeting moiety to
the potency of the bivalent inhibitor [90]. These studies indicated that the potency
of the bivalent compound was less dependent on the affinity of the specific peptide-
targeting ligand but more on the affinity of the ATP-competitive ligand. Nonetheless,
even targeting peptides with low affinity can help improve selectivity and potency
of bivalent kinase inhibitor compounds [90]. While the utility of these types of biva-
lent inhibitors will be relegated to research tools for evaluating kinase functions,
these approaches provide the basis to design bivalent kinase inhibitors for clinical
applications.

Small-molecule peptide bivalent Inhibitors. Several MAP kinases have been the
target of bivalent inhibitors. Stebbins et al. identified compound 19 that consisted
of an ATP-competitive inhibitor coupled to a short D-domain peptide, which was
sufficient to displace the JIP1 protein from the D-recruitment site on JNK1, and a
cell penetrating peptide [91]. Compound 19 inhibited JNK1 kinase activity in vitro
and in cell-based assays at low nM and pM concentrations, respectively. This com-
pound also improved glucose tolerance in a mouse model of type 2 diabetes, which
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is a potential clinical application for JNK inhibitors. A similar strategy was used to
generate an ERK1/2 selective bivalent inhibitor (SBP3) consisting of an ATP-
competitive inhibitor (FR180204) and a 16-amino-acid peptide corresponding to
the D-domain of the ERKI1/2 substrate, ribosomal S6 kinase (RSK1) [92].
Combining the targeting moieties into the bivalent compound increased the potency
more than 50 times as compared to either the ATP-competitive inhibitor or the
D-domain peptide alone. Figure 11 shows the reported structure of SBP3 with
active ERK. As shown, SBP3 forms contacts with ERK2 through the RSK1 pep-
tide and FR180204; however, the linker of these targeting agents does not appear
to be involved in ERK2 interaction [92]. Despite the intended design for SBP3 to
target ERK1/2, this compound also potently interacts with JNK and p38 MAP
kinase isoforms.

A study reported the use of a cyclic decapeptide that corresponds to an extracel-
lular region of the epidermal growth factor receptor (EGFR) regions involved in
dimerization [93]. Combining two of these peptides together using a polyproline
linker created a bivalent ligand that inhibited EGFR autophosphorylation presum-
ably by preventing the two EGFR monomers from dimerizing. Ephrin type-A recep-
tor 3 (EphA3) is another receptor tyrosine kinase targeted by bivalent compounds
[94]. These studies highlight the potential of using longer linkers to couple ATP-
competitive inhibitors with small peptides that target unique regions far away from
the ATP-binding site. Not only did this approach enhance the potency of a weak

Fig. 11 Structure of
bivalent compound SBP3
and ERK2 [PDB: 5V62].
SBP3 shown consisting of
a RSK1 peptide (magenta
lines) and the ATP-
competitive compound
FR180204 (green lines).
D-recruitment site residues
T158, T159, D316, D319
(cyan). The conserved
catalytic residue (K52) is
in yellow
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ATP-competitive inhibitor, it supports the advantage of using structural information
to design a wide range of bivalent targeting moieties.

The PIM kinases (referring to the proviral insertion site in Moloney murine leu-
kemia virus) are overexpressed in several cancer types and appear to exacerbate
proliferative disorders [95]. Bivalent PIM kinase inhibitors have been developed
using D-arginine-rich peptides (ARCs) and adenosine analogs [96]. Arginine-rich
sequences are found on many substrates recognized by basophilic protein kinases
found in the AGC protein kinase group. Even though PIM kinases fall in the
calcium-calmodulin-dependent protein kinase (CAMK) group, Ekambaram et al.
provided evidence that potent bivalent inhibitors using ARCs can be selective for
PIM-1 kinase but not members of the AGC protein kinases [96].

These studies provided evidence that targeting two separate structural features
on protein kinases with bivalent compounds could be an effective approach to
inhibit the activity of a specific kinase. While many of the approaches to develop
bivalent protein kinases inhibitors have yielded useful research tools for under-
standing signaling pathways and biological mechanisms, the clinical applications of
these compounds in treating disease have yet to be realized. The large size of biva-
lent inhibitors may present barriers to their use in targeting intracellular protein
kinases. The potential to design smaller peptidomimetic compounds that target spe-
cific substrate interaction sites may overcome drug delivery and bioavailability
issues associated with using peptides as targeting moieties or therapeutic agents [97].

Part D: Type VI Kinase Inhibitors

There has been resurgence in the development of compounds that form covalent,
and generally irreversible, interactions with protein kinases to provide sustainable
inhibitory effects primarily to treat cancer. The prospect of developing covalent
inhibitors faced criticism of extensive off-target effects. However, there is historical
precedence for the benefits and potential risks of developing covalent-binding
drugs. Probably the best example of the benefits of covalent bond—forming drugs is
acetyl salicylic acid or aspirin. Although the beneficial antiinflammatory and anal-
gesic effects of aspirin have been recognized since its discovery in the late 1890s, it
was not until the 1970s that its mechanism of action was identified to involve the
formation of covalent adducts on cyclooxygenase enzymes and the reduced produc-
tion of inflammatory cytokines [98]. However, other drugs like acetaminophen
metabolize into highly reactive species that form toxic covalent adducts with liver
proteins and can cause liver damage at high doses. Despite the understandable con-
cerns about the off-target effects of covalent-binding drugs, advances in structural
and computational biology have made it feasible to develop inhibitors that form
covalent interactions with protein kinase inhibitors that are selective, efficacious,
and have reduced toxicity. This section will highlight some of the features of clini-
cally relevant covalent kinase inhibitors and the potential for expanding the devel-
opment and use of covalent kinase inhibitors in disease.
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Recent reviews of covalent small-molecule protein kinase inhibitors provide an
excellent summary of the compounds identified to target specific kinases [99, 100].
Covalent type VI protein kinase inhibitors utilize chemical features of the noncova-
lent type I-IV kinase inhibitors that interact with the ATP-binding or other regions
near the kinase domain. What makes the type VI protein kinase inhibitors unique is
the inclusion of reactive electrophilic groups or warheads that react primarily with
nucleophilic cysteines although reactions with lysine, aspartic acid, and tyrosine
residues can be used to form covalent interactions. Like other drug discovery
approaches, type VI kinase inhibitors use structure-guided design approaches that
take advantage of noncovalent interactions with the targeted kinase in order to
increase specificity and position the warhead component for targeted covalent inter-
action that locks the inhibitor in place. The covalent adduct typically forms through
a Michael addition reaction, and many of the electrophilic moieties used to develop
type VI inhibitors utilize an acrylamide group that favors interactions with cysteine
residues. In addition, alterations in the reactivity of the electrophile warhead may be
used to create reversible covalent protein kinase inhibitors whose duration of inhibi-
tion may need tighter control [101]. For example, most protein kinase inhibitors that
are used to treat cancer might be more effective by a sustained mechanism of irre-
versible inhibition. In contrast, shorter-acting reversible type IV inhibitors might
expand the clinical applications and reduce off-target reactivity and toxicity
[101, 102].

An early example of type VI covalent protein kinase inhibitors was the discovery
of the mechanism of action for the fungal metabolite wortmannin [103]. Wortmannin
was identified to be an irreversible inhibitor of PI3K isoforms through the formation
of a covalent adduct with a conserved lysine (K802) in the catalytic site [103].
However, wortmannin is nonspecific, causing overt toxicity, which limits its use to
research studies. Dalton et al. optimized reversible interactions to design com-
pounds that covalently interacted with the analogous conserved lysine (K779) near
the active site of PI3Kd isoform [104]. PX-866 is a wortmannin analog that also
forms a covalent bond with K802 that entered clinical trials but did not show prom-
ising efficacy [105]. It remains to be determined whether other type VI PI3K inhibi-
tors will provide an advantage over the current reversible PI3K inhibitors in clinical
trials [16].

The success of type VI protein kinase inhibitors has been realized with the devel-
opment of EGFR- and Bruton’s tyrosine kinase (BTK)-targeted compounds.
Afatinib, osimertinib, dacomitinib, and neratinib are FDA-approved type VI inhibi-
tors that target the EGFR family and are used to treat a variety of cancers [106]
(Fig. 12). All these drugs form a covalent adduct with a key cysteine (C797 for
EGFR) in the active site and are expected to improve treatment options especially in
patients who develop drug resistance [107, 108]. While the irreversible nature of
these compounds provides a more durable inhibitory response, not all type VI inhib-
itors may be able to overcome the development of acquired drug resistance observed
with first generation type I/II reversible inhibitors [109]. Afatinib, which was
designed based on the reversible inhibitor gefitinib, is not effective against the com-
mon EGFR T790M mutation that is often responsible for acquired drug resistance.
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Fig. 12 The chemical structures of (a) afatinib, (b) osimertinib, (¢) dacomitinib, and (d) neratinib
are shown. The reactive site of the acrylamide moieties is circled in red

In addition to causing the T790M mutation, afatinib resistance mechanisms include
increased expression of the c-Met receptor tyrosine kinase and V8431 mutation on
EGFR [110]. New structures, such as osimertinib, are less restricted by the T790M
mutation and may have better treatment outcomes for patients resistant to first-line
EGFR inhibitors [109].

Ibrutinib is a type VI inhibitor that forms a covalent bond on cysteine 481 (C481)
in the active site of BTK and is used to treat B-cell cancers such as chronic lympho-
cytic leukemia (CLL) [111]. Several months after treatment, nearly 80% of relaps-
ing patients contained a cysteine to serine (C481S) mutation that limited the efficacy
of ibrutinib [112]. Alternative reversible BTK targeted compounds that tolerate the
C481S mutations are showing promise in treating CLL relapses [113]. Ibrutinib has
also been associated with several adverse drug events, which likely occurs due to
the covalent interactions with other targets and presents a barrier for its use in some
patients. Acalabrutinib is a second-generation type VI BTK inhibitor that targets
C481 that reportedly causes fewer adverse events and is showing more sustained
patient responses in clinical trials evaluating relapsed or refractory chronic lympho-
cytic leukemia [114].

The MAP kinases have been the target of several type VI inhibitors. Zhang et al.
described the use of the type II kinase inhibitor imatinib to design covalent inhibi-
tors against JNK1/2/3 isoforms [115]. The authors noted that several kinases tar-
geted by imatinib have a potentially reactive cysteine that precedes the DFG motif
of the activation loop. By attaching an electrophilic acrylamide, a compound was
identified that targeted not only expected tyrosine kinases but also JNK isoforms.
Further modifications identified compounds with improved JNK selectivity and
potency to allow their use as reagents to examine cellular functions for the JNK
pathway [115]. In a study by Ward et al., new reversible ERK1/2 inhibitors, with a
pyrimidine scaffold, were identified and modified with an acrylamide functional
group to make irreversible covalent inhibitors that targeted C166, which is directly
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adjacent to the DFG motif at the beginning of the active loop [116]. This cysteine is
conserved in ERK1/2 but not in p38 or JNK MAP kinases, which is expected to
provide some degree of selectivity. More recent studies have identified ERK1/2-
targeted compounds that form covalent bonds with a cysteine (C159) located in the
D-recruitment site (DRS) outside the ATP-binding site [39]. The lead compound,
BI-78D3, appears to block interactions between ERK2 and its activator MEKI1.
Despite C159 being conserved in other MAP kinases, such as p38 and JNK,
BI-78D3 modifications were only observed on ERK1/2 suggesting other DRS struc-
tural features facilitated selectivity [39].

New approaches for cancer therapy through targeted inhibition of transcriptional
regulation by cyclin-dependent kinases (CDKs) have utilized covalent-binding
compounds [117]. These studies identified a compound THZI that covalently binds
to a cysteine (C312) that resides outside of the ATP-binding site and inhibits CDK7,
and to a lesser extent CDK12 and 13, phosphorylation of RNA polymerase
II. Modifications to THZ1 that improved potency and drug-like properties led to the
generation of the covalent CDK?7 inhibitor SY-1365, which is currently in cancer
clinical trials [118]. A common problem that reduces the efficacy of THZ1 and other
drugs is their efflux by the ABC transporters. Gao et al. provided evidence that
upregulation of ABC transporters by THZ1 can be overcome by compounds that
covalently target CDK 12 and are not ABC transporter substrates [119].

Downstream of PI3K, Akt protein kinases have been targeted by covalent inhibi-
tors [120]. Weisner et al. posited that allosteric inhibitors, such as the previously
mentioned MK-2206, that targeted the PH-domain were proximal to cysteines that
could be targeted to generate selective and irreversible Akt inhibitors [120]. The
result of these studies is the compound borussertib, which forms a novel covalent
interaction on C296 and has been shown in preclinical studies to be effective in
combination with the type III MEK1/2 inhibitor trametinib for inhibiting pancreatic
and colorectal cancers expressing KRas mutations [121]. The structure of borus-
sertib in complex with Aktl is shown in Fig. 13. Borussertib covalently binds C296
and forms hydrophobic interactions between the PH domain and the ATP-
binding site.

Covalent type VI protein kinase inhibitors have provided new options for more
durable responses and target selectivity. Significant benefits have been observed
with type VI inhibitors, such as afatinib and ibrutinib, versus reversible type I/II
inhibitors for the treatment of lung cancers [122] and lymphocytic leukemias [123].
Nonetheless, acquired drug resistance through mutations in the targeted cysteine
and off-target interactions remain barriers to durable patient outcomes. Expanding
the repertoire of amino acids targeted by type VI inhibitors beyond the common
cysteine targets may provide advantages. For example, targeting lysine residues in
the active site of protein kinases with type VI compounds may be effective at dis-
abling enzyme activity. However, surface-exposed lysines are generally thought to
be poor nucleophiles because they are protonated (pK, ~10.5) at physiological pH
[100]. Recent studies using computational predictions suggest that localized pK,
values may shift several units, allowing lysines to be amenable to reacting with
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Fig. 13 Structure of
borussertib in complex
with Aktl (PDB: 6HHF).
Borussertib (magenta
lines) interacts with C296
(green) and makes
hydrophobic interactions
with L210, L264, and 1290
(cyan). PH domain
residues 5-108 (orange),
and ATP site residues
156-164 (yellow) are
shown

electrophilic warheads [124]. Given the success of current covalent inhibitors tar-
geting EGFR and BTK protein kinases, the future will likely see the development of
new type VI inhibitors for treating disease.
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between protein kinases and their substrates and interacting partners. Despite the
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quite diverse functions depending on the substrate that is phosphorylated. Some
kinases may phosphorylate and regulate only a couple of substrates whereas other
kinases may phosphorylate hundreds of different substrates. The mechanisms by
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Introduction

In 2002, significant progress in understanding kinases was made with the determina-
tion of the human kinome and the phylogenetic classification of more than 500 kinases
encoded in the human genome [1]. Research over the last 30 years has revealed the
pleiotropic effects of protein kinases through their ability to regulate a diverse set of
substrates and cellular functions. However, the functions for many of these kinases
and their substrates are still being elucidated. To facilitate the understanding of protein
kinase functions, several bioinformatics tools are available that have collated current
information on kinase signaling networks and are used to determine potential sub-
strates. In addition, several computational and structural biology tools available allow
experimental examination of the exquisite and unique structural features that deter-
mine how kinases interact with specific substrates. These resources provide starting
points for the development of new approaches to inhibit specific protein kinase func-
tions through targeted disruption of select substrates.

Many of these bioinformatics resources are publicly available and provide
important information on known kinases and substrate phosphorylation events. The
Universal Protein Resource (UniProt; www.uniprot.org; Swiss-Prot Protein
Knowledgebase [2]) contains excellent information on all identified proteins, and a
list of all protein kinases is available (https://www.uniprot.org/docs/pkinfam).
PhosphoSitePlus is a database that was developed over 15 years ago and has com-
piled nearly 300,000 phosphorylation sites based on peer-reviewed publications and
unpublished data using mass spectrometry [3]. This compilation of data provides
extensive information on individual phosphorylation sites, their potential function
in vivo and in vitro, and primary supporting references. Protein phosphorylation
events and other posttranslational modifications have also been well-documented on
the bioinformatics resource iPTMnet (https://research.bioinformatics.udel.edu/ipt-
mnet/). Other publicly available databases, such as KinaseNET: Human Protein
Kinase Knowledgebank (www.kinasenet.ca), have archived extensive information
on specific protein kinases, their substrates, and regulation by phosphorylation [4].
In cases where phosphorylation regulation of a protein is not known, there are
resources available that use computational predictions to identify phosphorylation
sites and the putative kinase involved. For example, putative phosphorylation events
for a select number of kinases can be evaluated using NetPhos [5] and Phosphopredict
bioinformatics [6].

Docking Interactions Between Protein Kinases and Other
Proteins

Despite a remarkable similarity in the three-dimensional structure, protein kinases
have the unique ability to be quite selective in the substrates they target and the
amino acids they phosphorylate. Parameters such as proximity within intracellular
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locations and protein expression levels will certainly impact the ability for proteins
to interact. Additional key determinants that facilitate protein kinase recognition
and phosphorylation of a unique substrate include the amino acids that surround the
serine, threonine, or tyrosine phosphorylation sites and other distant structural fea-
tures that coordinate protein-protein interactions. A review by Ubersax and Ferrell
provides a comprehensive description of protein kinase recognition of substrates
and the determinants of phosphorylation specificity [7]. As was described in
previous chapters, the kinase domain is the major determinant of whether serine/
threonine versus tyrosine phosphorylation will occur depending on the size of the
catalytic cleft and its ability to accommodate the bulkier tyrosine residue. In addi-
tion, the consensus basic, acidic, hydrophobic, or proline residues that surround the
serine, threonine, or tyrosine phosphorylation sites will determine protein kinase
specificity. Several other reviews provide detailed summaries of consensus phos-
phorylation site sequences on substrates and the kinases that target them [7-9].

Protein kinases also coordinate with substrates through specific interactions on
regions that are distal from the catalytic cleft. Miller and Turk [9] provide an excel-
lent summary of the features that determine interactions between kinases and sub-
strates including the phosphorylation motif and adjacent docking interactions, distal
docking sites, and the coordination with adaptor proteins to help facilitate interac-
tions. This section will focus on the mitogen-activated protein kinases (MAPKs) as
the paradigm for examples of kinase-substrate interactions. Previous chapters out-
lined the major MAPK signaling pathways from the plasma membrane receptor to
the kinase cascade that mediates changes in gene expression and cellular functions.
This chapter will summarize the general features that regulate protein-protein inter-
actions in MAPK signaling networks. Subsequent chapters will expand upon these
structural interactions and provide additional details on the critical features that
determine how protein kinases regulate specific substrates. Understanding the fea-
tures that regulate these protein-protein interactions will facilitate the rationale
design of molecules that disrupt the interactions that are relevant in the progression
of disease.

The individual MAPK proteins represent key nodes where signaling information
converges on the activation of MAPK through phosphorylation of a conserved
threonine-any amino acid-tyrosine (TXY) motif by selective MAP2K (MEK) pro-
teins. The pairing of the conventional MAP2K and corresponding MAPK is shown
in Table 1. While the conventional MAP2K-MAPK interactions will be the starting
point for discussions on protein kinase—substrate interactions, it should be noted
that there are also atypical MAPK isoforms that do not follow this mode of regula-
tion [10]. The atypical MAPKSs, including MAPK6/4/15 (ERK3/4/7/8), while struc-
turally similar to conventional MAPK proteins, do not appear to have corresponding
MAP2K activators but are regulated through autophosphorylation or other kinases
[11-13].

As indicated, MAP2K isoforms phosphorylate TXY motifs to activate their
respective MAPK. However, another determinant of selectivity of MAP2K-MAPK
pairing is through protein-protein interactions that are distal to the site of phos-
phorylation. The MAP2K proteins contain unique D-domain motifs consisting of
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Table 1 Typical MAP2K (MEK) isoforms and their corresponding MAPK substrates

MAP2K (MEK) isoform — MAPK (common name) isoform target
MAP2K1/2 (MEK1/2) MAPK1/3 (ERK1/2)
MAP2K3/6 (MEK3/6) MAPK14/11 (p38a/p)
MAPK13/12 (p388/y)
MAP2KS5 (MEKS5) MAPK?7 (ERKS)
MAP2K4/7 (MEK4/7) MAPKS8/9/10 (JNK1/2/3)

Table 2 Sequence alignment of amino acid residues in the N-terminus of MAP2K (MEK)

isoforms
NPA-PDGSA-VN
NPTIAEGPS-PT
ME

MAP2K1
MAP2K2
MAP2K3
MAP2K6 (MEKB) - ——————————— === o mm oo
MAP2K4 (MEK4) —==—=== == m e e e e e MAAPSPSGGGGSGGGSGSGTPGPVG
MAP2K7 (MEK7)MAASSLEQKLSRLEAKLKQENREARRREDENEDTSPQRPRPTEQLEPLANDGGSRSP--SS

MAP2K1 (MEK1)GTSSAETN-LEALQ---KKLEELELDEQ
MAP2K2 (MEK2)SEGASEAN-LVDLQ---KKLEELELDEQ

MAP2K3 (MEK3)SPASSQPASMPQSKGKS SCMS-KPPAP---NPTPP

MAP2K6 (MEK6)-------~-- MSQSKGK- PKEAFEQPQT---SSTPP--~=-=------~- RDLDS
MAP2K4 (MEK4)SPAPGHPA-VSSMQG NFANPPFKSTARFTLNPNPTGVQNPHIERLRTHSIES
MAP2K7 (MEK7)ESSPQHP--TPPA---- PSTLFTPRSM---ESIEI---DQKLQ----EIMKQ

Highlighted in green are the basic, linker, and underlined hydrophobic residues that contribute to
the D-domain as previously described [14]. The N-terminal methionine is highlighted in red

basic residues in the N-terminal domains connected through a short linker to hydro-
phobic residues. Table 2 shows a sequence alignment of the major MAP2K iso-
forms and the sequences that have been identified to form the D-domain [14].
Except for MAP2K7, which will be discussed in more detail later, MAP2K iso-
forms have a single consensus D-domain sequence. The D-domain residues on
MAP2K proteins selectively interact with specific sequences on MAPK proteins
that form the D-domain recruitment site (DRS). The DRS of MAPK isoforms is
made up of C-terminal acidic residues that are referred to as the common docking
(CD) domain (Table 3) and N-terminal hydrophobic and variable residues (Table 4).
The variable residues on p38 MAPK isoforms include a glutamate (E) and aspartate
(D) and are referred to as the ED domain. Although the ED residues are different on
other MAPKSs, the ED designation is used as a general descriptor of this site within
the DRS of all MAPK sequences (Fig. 1).

A second docking domain that has been identified on MAP kinase regulatory and
downstream substrate proteins is referred to as the docking site for ERK, F-X-F
(DEF) motif [15, 16]. The FXF motif is typically separated from the serine or threo-
nine phosphorylation sites by 620 amino acids and is found on transcription fac-
tors, scaffold proteins, and MAP kinase phosphatases [17]. The F-site recruitment
site (FRS) on MAP kinases consists primarily of hydrophobic amino acids
C-terminal to the activation loop (Table 5) that form specific contacts with hydro-
phobic phenylalanine residues in the FXF motif.
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Table 3 Sequence alignment of C-terminal acidic residues (green shading) that form the common
docking (CD) residues and contribute to the D-domain recruitment site (DRS) on human MAPK
isoforms

MAPK1 (ERK2) HPYLEQYY!
MAPK3  (ERK1) HPYLEQYY! EPVAEE
MAPK14 (p38a) HAYFAQYH EPVADP
MAPK11 (p38pB) HAYFSQYH EPEAEP
MAPK8  (JINK1) HPYINVWY] EAPPP
MAPK9  (INK2) HPYITVWY EAPPP

EPIAEA

Table 4 Sequence alignment of amino acid residues in the N-terminus that contribute to the DRS
on human MAPK isoforms

MAPK1 (ERK2) HSANVLHRDLKPSN CDLKICDFGLARVADPDHDHTGFLTEY
MAPK3  (ERK1) HSANVLHRDLKPSN CDLKICDFGLARIADPEHDHTGFLTEY
MAPK14 (p38a) HSADIIHRDLKPSN CELKILDFGLARHTDDE------ MTGY
MAPK11l (p38B) HSAGIIHRDLKPSN CELRILDFGLARQADEE------ MTGY
MAPK8 (INK1) HSAGIIHRDLKPSN CTLKILDFGLARTAGTSF----MMTPY
MAPK9 (INK2) HSAGIIHRDLKPSN CTLKILDFGLARTACTNF----MMTPY

Hydrophobic and variable residues of the ED domain are underlined and highlighted in purple. The
conserved DFG motif and activating phosphorylation sites of MAPK isoforms are shown in yellow
and cyan, respectively

The spatial organization of the combined CD and ED amino acids to form the
DRS and the FRS residues on the ERK2, p38a, and JINK1 MAP kinases is depicted
in Fig. 2. The DRS and FRS are positioned on opposite sides of the kinase in these
static models. It is also likely that other transient interactions occur that determine
substrate interactions depending on the kinase activation state. For example, struc-
tural studies on ERK?2 using hydrogen deuterium exchange mass spectrometry sug-
gest that accessibility to the FRS by substrates is limited prior to activation, and it is
only after phosphorylation of ERK2 at the active sites does a conformational change
in the FRS facilitate the interactions with substrates containing the DEF motif [15].
The structural features of the DRS and FRS have previously been used to identify
function-selective small-molecular-weight type IV inhibitors of ERK2 and p38a
MAP kinases [18-21].

MAP Kinase Interactions Through the DRS

The DRS on MAP kinases provides a docking domain for specific interactions with
an upstream MAP2K activator and downstream effector proteins. The number and
type of substrates regulated by the specific MAP kinases can vary extensively. For
example, it has been suggested that the ERK1/2, p38a/p, and INK1/2 MAP kinases
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ERK2 p38

Fig. 1 The D-domain recruitment site (purple and green spheres) sits adjacent to the DFG motif
(yellow) and opposite of the activation sites (blue). The conserved lysine in the ATP-binding site is
shown in red. Protein Data Bank structures used for ERK2 (MAPK1), p38a (MAPK14), and JNK1
(MAPKS) were 4GT3, SETI, and 3017, respectively

Table 5 Sequence alignment of the FRS between major MAPK proteins

MAPK8  (INK1) TRYYRAPE G-MGYKENVDLWSVGCIMGEMVCHKILFPGR DQW?34..¥259
MAPK1  (ERK2) ATRWYRAPEIMENSKGYTKSIDIWSVGCILAEMLSNRPIFPG DQLE237.. X263
MAPK14 (p38x) ATRWYRAPEIMENWMHYNQTVDIWSVGCIMAELLTGRTLFPG DQLE232.. X258

Amino acids in the FRS are underlined and highlighted in green. The numbering of the C-terminal
residues in the FRS is indicated. The conserved activating phosphorylation sites and APE motif at
the end of the activation loop for major human MAPK isoforms are shown in cyan and yellow,
respectively

may have more than 300, 100, and 80 substrates and binding partners, respectively
[22-24]. Although some overlap exists, many of these substrates and binding
partners selectively interact with their respective MAP kinase. Given the sequence
similarity of the DRS across MAP kinases, the question arises as to how do MAP
kinases identify and interact with their unique substrate? Earlier reports provided
evidence that ED domain residues provided selectivity for substrate recognition [25,
26]. Tanoue et al. demonstrated that exchanging the ED residues between p38a and
ERK?2 MAP kinases could alter substrate recognition so that p38a could interact
with an ERK2 substrate and vice versa [26]. This demonstrated the importance of
the ED domain residues in determining substrate selectivity between structurally
similar MAP protein kinases. Using D-domain peptides that represented substrates
of ERK2, p38a, and JNK1 MAP kinases, Garai et al. examined structural features
that determined selectivity between MAPKSs and peptides representing interacting
proteins [27]. These studies provided additional insight to key interactions within a
docking groove that sits between the CD and ED residues and allow MAP kinases
to discriminate between their substrates and binding partners.
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ERK2 p38a

Fig. 2 Spatial organization of the DRS and FRS on MAP kinases. The ribbon structures of ERK2
(pdb:4GT3), p38a (pdb:5ETI), and INK1 (pdb: 3017) are shown highlighting the conserved lysine
in the ATP catalytic site (green), the DFG motif (yellow), and TXY activation sites (magenta). The
DRS comprising CD (cyan) and ED (red) residues and the FRS (orange) are highlighted. As shown
here and in all subsequent figures, the N-terminal and C-terminal lobes of the protein kinase are
positioned at the top and bottom, respectively, of each image

The following section will highlight structural studies that describe DRS interac-
tions between the major MAP kinases and activator, effector, or regulatory proteins.
Co-crystallization of the kinase with a peptide representing the interacting partner
provides useful information as to how interaction with the DRS can discriminate
between an activator protein and a downstream effector. Figure 3 depicts the inter-
actions between ERK2 and peptides representing D-domain containing activator
(MEK?2) or p90 ribosomal S6 kinase (RSK1) effector proteins [28]. Each peptide
appears to occupy the groove between the CD and ED domains. However, the
interactions with a region just below the ED domain appears to show differences
that could be potentially exploited to inhibit ERK1/2 activation of RSK1 while pre-
serving ERK1/2 activation by upstream MEK proteins. Inhibition of RSK signaling
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Fig. 3 Structural interactions between ERK2 and activator (MEK2) and substrate (RSK1) pep-
tides (magenta lines). The DRS of ERK2 consists of CD (cyan) and ED (red) domain residues. The
conserved lysine in the ATP catalytic site is shown in green. (a) MEK2 peptide (RRKPVLPALTINP)
interactions with the DRS (PDB:4H3Q). (b) RSK1 peptide (PQLKPIESSILAQRRVRKLSPTTL)
interactions with the DRS (PDB:4H3P)

may benefit the treatment of triple negative breast cancer [29], and at least one RSK-
selective inhibitor, PMD-026, has entered breast cancer clinical trials as of October
2019. Additional structures of ERK2 interactions with peptides representing regula-
tory phosphatase proteins have been solved. The structures of ERK2 in complex
with D-domain peptides of hematopoietic protein tyrosine phosphatase (HePTP)
[30] and dual-specific MAP kinase phosphatase-3 (MKP3) [31] reveal similarities
and differences. In both examples, peptide interactions with the ERK2 DRS involve
electrostatic interactions and hydrophobic interactions, which is also the case with
p38a and INK1 MAP kinase as discussed below. Differences that occur in the non-
conserved amino acids in the DRS are thought to determine the selectivity of inter-
acting partners with MAP kinases.

The use of peptides to determine structural interactions has limits as they do not
readily form secondary structures as found in the full-length protein, and they may
not reflect allosteric effects of other domains. More recently, a cocrystal structure of
inactive ERK?2 and the kinase domain of RSK1 was determined [32]. This structure
showed similar interactions between the D-domain of RSK1 and the ERK2 DRS as
to what was described previously in Fig. 3 for the RSK1 D-domain peptide, although
in this case the D-domain is connected to the rest of the RSK1 kinase domain
through an unstructured linker (Fig. 4). The two kinases are inverted in relation to
each other with the N-terminal lobe of ERK?2 facing the C-terminal lobe of the
RSKI kinase domain (Fig. 4). As suggested by this inactive complex, the threonine
residue that is phosphorylated by ERK?2 is positioned near the catalytic site.
However, molecular dynamics simulations have suggested that structural changes
occurring when ERK?2 becomes activated allow positioning of the threonine close
enough to the active site for phosphoryl transfer to occur [32].
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Fig. 4 Structural interactions between ERK2 and the kinase domain of RSK1. The DRS of ERK?2
(MAPKI1) consists of CD (cyan) and ED (red) amino acids. RSK1 (light yellow ribbon) and ERK2
(grey ribbon) are shown as a heterodimer (PDB:4NIF). The RSK1 D-domain peptide (magenta)
interacts with the docking groove between the ERK2 CD and ED domains. Threonine 573 (blue)
on RSK-1 is positioned for phosphorylation by ERK2. The conserved lysine in the ATP catalytic
site is shown in green

The interactions of p38a MAP kinase with peptides representing activator
(MEK3) and effector (MEF2A) proteins that use the DRS have been described [33].
Figure 5 shows the positioning of DRS-interacting peptides that correspond to an
activator of p38a (MKK3) and a downstream transcription factor effector (MEF2).
Unlike the involvement of basic residues of D-domain peptides that interact with
acidic CD domain residues on ERK?2, the CD domain did not appear to be involved
in MEK3 and MEF2A interactions (Fig. 5) [33]. There were key differences between
the interactions of MEF2A or MEK3 with p38x that could be exploited to develop
a MEF2A-selective inhibitor. First, MEF2A interactions are more extensive and
occupy a larger part of the groove between the CD and ED domains. Second, the
common DLR sequence on both MEF2A and MEK3 peptides does not interact in
the same way with the docking groove of p38a. Thus, these differences in DRS
interactions could help guide the identification of inhibitors that preserve desirable
p38a interactions with MEK3 and overall signaling functions but selectively block
interactions between p38a and MEF2A to inhibit signaling events associated with
disease [34].

To gain further insight into p38a MAP kinase interactions with downstream
effector proteins, the structure of the inactive heterodimer complex of p38a and full
length MAPKAPK2 (MK2) was determined [35]. MK2 is a major mediator of
inflammatory signals regulated by p38 MAP kinases and targeted inhibition of MK2
could mitigate inflammatory processes involved in acute and chronic lung disease
as well as rheumatoid arthritis [19, 36, 37]. The crystal structure shows a face-to-
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Fig. 5 Structural interactions between p38a MAPK activator (MEK3) and substrate (MEF2A)
peptides. The DRS of p38a (MAPK14) consists of CD (cyan) and ED (red) amino acids. (a)
MEKS3 peptide (SKGKSKRKKDLRISCNSK) interaction with the DRS (pdb:1LEZ). (b) MEF2A
peptide (RKPDLRV VIPPS) interaction with the DRS (pdb: 1LEW). The conserved lysines in the
ATP catalytic sites are shown in green

face interaction with the ATP-binding sites of each kinase positioned adjacent to
each other (Fig. 6). The MK2 C-terminal residues from 368 to 400 wrap around
p38a and include the D-domain residues that form a helix that fits in the DRS dock-
ing groove, which is the major contributor of the heterodimer formation. There is
also evidence to suggest some interactions between the disordered MK?2 activation
loop (residues 207-233 shown in black, Fig. 6) and p38a through C-terminal o
helices. In this inactivated conformation, the major MK2 residues phosphorylated
by p38a are spatially separated from the catalytic site (Fig. 6). However, conforma-
tional changes upon p38a activation allow ATP catalysis and phosphate transfer to
these threonine residues. An interesting aspect of the MK2 D-domain residues is
that they interact with p38a in a reverse order as compared to the MEF2A and
MEKS3 peptides shown in Fig. 5 [35]. These studies highlight subtle differences in
the interactions between distinct activator and effector proteins to a common dock-
ing groove formed by the DRS of p38 MAP kinase that could be exploited in the
development of inflammation-modulating agents.

Structural information on p38a MAP kinases’ interactions with substrate pro-
teins has informed the development of function-selective p38a inhibitor compounds
that may mitigate tissue damage following acute myocardial infarction [38]. Stress
signals associated with ischemia/reperfusion tissue injury following a heart attack
result in the auto-activation of p38x though interactions with the fransforming
growth factor-f-activated protein kinase 1-binding protein / (TABI) scaffold pro-
tein [39]. De Nicola et al. provided evidence that TAB1 interacts with noncanonical
sites and the canonical FRS residues on p38a through hydrophobic interactions
(Fig. 7a) [38]. Although the predicted interacting TAB1 hydrophobic residues were
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Fig. 6 Structural interactions between p38a MAP kinase and full length MK2 (pdb: 20NL). The
heterodimer structure of p38a (grey ribbon) and MK2 (light yellow ribbon) shows the C-terminal
D-domain residues of MK2 (magenta) interacting with a groove between the CD (cyan) and ED
(red) domains of the DRS. The activation loops of both proteins are shown in black. The conserved
lysines in the ATP catalytic sites of p38a and MK2 are shown in green and MK2 sites phosphory-
lated by p38a (T222 in the activation loop and T334 in the C-terminus) are shown as blue spheres

disordered and not visible in the X-ray structure, mutating these residues to alanine
within the putative p38a-binding site (e.g. residues V390A, Y392A, V408G,
M409A) disrupted interactions with p38a and provided protection from tissue-
damaging effects of myocardial infarction in a mouse model [38]. The structural
information was used to identify a small molecule, 3-amino-1-adamantanol, that
can interact with hydrophobic leucine residues in a noncanonical site near the FRS
of p38a and inhibit interactions with TAB1 (Fig. 7b). Although this compound was
not evaluated for mitigating tissue damage due to ischemia/reperfusion injury, it
does provide an example of how protein structural information can inform the dis-
covery of small molecular weight compounds that disrupt clinically relevant protein-
protein interactions.

The c-Jun-N-terminal kinases (JNK) are the other major MAP kinase family
member with information on the structural interactions between activators and
effector proteins. Unique to the JINK MAP kinase signaling pathway is the presence
of three putative D-domains on the MEK?7 activator (see Table 2) that have the
potential to interact with the DRS on JNK proteins. Kragelj et al. demonstrated that
all three D-domains bind with similar affinity to JNKI1 suggesting that a single
MEKY7 protein has the potential to engage three JNK1 molecules simultaneously
[40]. These studies also provided a more detailed structural analysis of the interac-
tions between JNK1 and the second D-domain (amino acids QRPRPTLQLPLA)
that suggest MEK7 may adopt different binding modes depending on the JNK1
activation state and function. One of the MEK7-binding modes shows electrostatic
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Fig. 7 Structural interactions between p38ax MAP kinase, TAB1, and a TAB1 inhibitor. The CD
(cyan) and ED (red) domain residues of the DRS and the conserved lysine in the ATP catalytic site
(green) are shown for reference. (a) Heterodimer complex of p38a (gray) and TAB1 (orange/yel-
low) [pdb: 5SNZZ]. TABI residues 384—412 interact with FRS residues on p38a (yellow). (b)
Structure of p38a with the TAB1 disrupting compound, 3-amino-1-adamantanol (magenta), shown
interacting with leucine residues (orange) near the FRS [pdb: 6SPL]

interaction with the CD domain along with hydrophobic interactions with D-domain
peptide leucine residues (Fig. 8a).

The JNK-interacting protein-/ (JIP1) scaffold protein is an important regulator
of stress-induced JNK activity through interactions with DRS [41]. JIP1 is highly
expressed in brain and adipose tissue and may have particularly important roles in
regulating JNK activity associated with obesity, the development of type II diabetes,
and neurodegenerative disorders [42]. A structure of a JIP1 D-domain peptide inter-
acting with JNK1 has been determined [43]. Typical of other D-domain sequences,
hydrophobic leucine residues contact a helices between the CD and ED domain of
JNK1 (Fig. 8b). However, unlike the MEK7 peptide where prominent interactions
with basic lysine residues and acidic residues on the CD domain of JNKI are
observed, this interaction was not evident from the JIP1-JNKI1 structure (compare
the peptide interactions with CD domain in Fig. 8a, b). The structural features of
JIP1 interactions with JNK1 have helped facilitate the development of new com-
pounds that target the JIP1 docking site and show improved management of glucose
levels in animal models of diabetes [44, 45]. While these studies provide proof of
principle that disruption of JIP1 interactions with JNK proteins has clinical benefits,
translating these concepts to patient studies has yet to be achieved.

While many upstream activators, regulatory proteins, and substrates contain
D-domains that facilitate interactions with their respective MAP kinases, few stud-
ies have examined how differences between D-domains impact protein-protein
binding affinities and subsequent signaling events that control cellular responses.
Laughlin et al. provided structural insight into three D-domain-containing proteins
and their interactions with the DRS of JNK3 to explain differences in their binding
affinities [46]. JNK3 shares a high degree of sequence identity with other JNK iso-
forms, including 75% sequence identity with JNK1. These studies used 11 amino
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Fig. 8 Structural
interactions between JNK1
and peptides representing
activator (MEK7) or
regulatory (JIP1) proteins.
The DRS of JNK1
(MAPKS) consists of CD
(cyan) and ED (red) amino
acids. Lysine in the ATP
catalytic site is shown in
green. (a) MEK7 peptide
(magenta) interacting with
DRS (pdb:4UXO9). (b) The
JIP1 peptide (magenta)
interacting with DRS
(pdb:1UKI)

acid peptides representing two scaffold proteins, JIP1 and SAB (SH3-binding pro-
tein 5 or SH3BPS), or the transcription factor ATF2 to examine how each D-domain
coordinated interactions with JNK3 [46]. As previously discussed, JIP1 plays sev-
eral roles in regulating JNK activity, including regulation of obesity-induced insulin
resistance, while SAB is localized to the mitochondria and involved in JNK-
mediated reactive oxygen species (ROS) generation associated with acetaminophen-
induced liver injury [47]. ATF2 is a member of the AP-1 transcription factor family
that can heterodimerize with several other transcription factors to modulate cell
survival especially in response to stress [48].

A major objective addressed by Laughlin et al. was to determine the D-domain
differences that were responsible for the JIP1 peptide having ~20-fold higher JNK3-
binding affinity compared to the SAB or ATF2 peptides [46]. Cocrystallization
studies indicated that the SAB and ATF2 peptides caused the disordered JNK3 acti-
vation loop to coil into an inhibitory helix that interacted with the ATP-binding site
(Fig. 9). These structural changes suggested a potential mechanism for a docked
substrate to inhibit JNK catalytic activity prior to activation loop phosphorylation.
JIP1 peptide interactions with carboxy (C)-terminal residues induced a rotation of
the amino (N)-terminal lobe in agreement with previous studies describing how
overexpressed JIP1 inhibits JNK activity [43]. Binding of the SAB and ATF2 pep-
tides caused a similar allosteric rotation of the N-terminal lobe.

Several differences between the peptides were observed that could explain the
higher binding affinity of JIP1 [46]. For example, the electrostatic interactions
between basic residues of the D-domain and acidic residues (cyan in Fig. 9) of the
DRS were ~1 A closer with JIP1 as compared to ATF2. Another difference observed
was extensive hydrogen (H)-bond interactions of the middle amino acids of the JIP1
peptide compared to fewer H-bonds with the SAB peptide. Finally, hydrophobic
residues in the C-terminus of the JIP1 peptide formed additional van der Waals
interactions that were not observed with the ATF2 peptide. The higher binding affin-
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Fig. 9 Structural interactions between JNK3 and the D-domain peptides representing (a) JIP1
[pdb:4H39], (b) SAB [pdb:4H3B], and (¢) ATF2 [4H36]. The peptides are represented as magenta
lines. The CD and ED domains of the DRS are highlighted in cyan and red, respectively. The acti-
vation loop (residues 207-230) shown in blue forms a helix (b and c) that fits in the catalytic site.
The conserved lysine (K93) in the catalytic site is shown in green

ity of JIP1 compared to SAB was attributed to a C-terminal proline in the SAB
peptide that altered the positioning of an adjacent leucine and helped stabilize the
inhibitor helix formed by the activation loop. Since all three of these DRS-interacting
proteins have diverse cellular functions, these structural studies provide the basis to
rationally design compounds that target select protein-protein interactions to achieve
maximal therapeutic benefits.

MAP Kinase Interactions Through the FRS

The F-recruitment site (FRS) on MAP kinases represent another docking site that
controls interactions with substrates and regulatory proteins. All MAP kinases have
a putative FRS (see Fig. 2 and Table 5), and the use of X-ray crystallography and
other approaches to define the structural role for this site in mediating interactions
with DEF-motif containing proteins has been examined in a few examples. Other
biophysical studies have provided compelling evidence that several transcription
factors (e.g., Elk-1, c-Fos, and c-Myc) and phosphatases (e.g. MKP3 and MKP7)
require a DEF motif to interact with MAP kinases [49-51]. In addition, some MAP
kinase substrates and regulators (e.g. Elk-1, MKP3, and KSR1) have both a
D-domain and DEF motif that coordinate MAP kinase interactions [52, 53]. Tzarum
et al. provided biochemical evidence that the FRS of p38a is required for the
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efficient phosphorylation of the transcription factors Elk-1 and ATF2 [54]. As was
previously described in Fig. 9, ATF2 contains a D-domain peptide but does not con-
tain a consensus FXF sequence characteristic of the DEF motif, suggesting that the
FRS on MAP kinases can adapt to other peptide motifs.

The MAP kinase phosphatases (MKP) family, also referred to as the dual speci-
ficity phosphatases (DUSP), are key DEF motif-containing regulators of MAP
kinase activity through their ability to specifically dephosphorylate threonine and
tyrosine residues in the activation loop. Targeted inhibition of MKP proteins may
have a beneficial role in modulating the immune response and enhancing the treat-
ments for cancer and inflammatory disorders [55, 56]. One of the few examples of
structural interactions between the DEF motif and FRS of a MAP kinase has recently
been described for INK1 interactions with the catalytic domain of MKP7 in cocrys-
tallization studies [57]. The complex reveals the expected bilobed JNKI kinase
structure consisting mostly of N-terminal f-sheets and C-terminal a-helices adja-
cent to the MKP7 catalytic domain, which contains the typical MKP configuration
consisting of a central f-sheet that is surrounded by six a-helices (Fig. 10). Extensive
hydrophobic and electrostatic interactions between the DEF motif and the FRS ori-
ent the active site of MKP7 adjacent to the phosphorylated activation loop of JNK1
(Fig. 10). Unique to these studies was the assignment of distinct roles for the phe-
nylalanine residues in the consensus DEF motif [57]. Interactions with the first phe-
nylalanine (F285) appeared to be important for JNK1 binding whereas the second
phenylalanine (F287) was more involved in positioning the MKP7 active site for
efficient dephosphorylation.

Conclusions

This chapter provided some examples of the structural determinants based on X-ray
crystallography describing the interactions between protein kinases and activator,
regulatory, and effector substrate proteins. Protein kinase signaling networks depend
upon these protein-protein interactions to coordinate the appropriate phosphoryla-
tion events for cellular responses. The examples provided in this chapter focused on
well-characterized docking sites, the DRS and FRS, found on MAP kinases that
interact with D-domain and/or DEF motif regions found on interacting protein part-
ners. There are similarities between each docking site across MAP kinases, which
may explain why some substrates (e.g., Elk-1, ATF2, and c-Fos) are phosphorylated
on the same site by several MAP kinase family members. However, MAP kinase
members also retain selectivity in their ability to recognize unique substrates and
interacting partners, which can be attributed to subtle differences in each MAP
kinase docking site and the likely existence of additional contact points on MAP
kinases that regulate specific protein-protein interactions. A detailed characteriza-
tion of the determinants of the contact between a protein kinase and its substrate or
regulatory proteins will provide opportunities to develop function-selective protein
kinase inhibitors that reduce dysregulated signaling events in disease.
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Fig. 10 Structural interactions between JNK1 and the catalytic domain of MKP7 [pdb:4YRS].
JNKT and the catalytic domain of MKP7 are shown as grey and orange ribbons, respectively. The
FRS of INKI1 (residues 1197, L198, D229, Y230, 1231, W234, Y259) are shown in yellow. The
MKP?7 active site (residues 245-250; CLAGISR) and DEF motif (residues 285-288; FNFL) are
shown in green and magenta, respectively. Electrostatic interactions between MKP7 (black lines)
and JNKI1 (blue lines) are indicated. The DRS of JNK1 consisting of the CD (cyan spheres) and
ED (red spheres) amino acids and the conserved lysine in the ATP catalytic site (green spheres) are
shown for reference. Inset shows an expanded view of the DEF motif interaction with the FRS

There are several experimental approaches available for determining protein-
kinase-interacting partners. As an example, specific antibodies can be used to
immunoprecipitate a protein kinase from a complex protein mixture, and cointeract-
ing proteins can be identified by mass spectrometry. This approach has been used to
identify an ERK1 MAP kinase interactome in the context of neuronal cell differen-
tiation [23]. Most of the ERK 1-interacting proteins identified contained D-domains.
However, variability in binding affinities and immunoprecipitation conditions may
bias some protein interactions and fail to identify other interactions that occur
in vivo. Other experimental approaches to identify protein kinase substrates include
the phosphatase inhibitor and kinase inhibitor substrate screening (PIKISS) method,
which was later renamed the kinase-oriented substrate screening (KIOSS) method
to take into account the use of kinase activators and inhibitors [58]. This approach
enriches phosphorylated proteins from cells or tissue following the treatment of
specific kinase activators or inhibitors and then uses mass spectrometry to identify
the substrates. A compilation of many protein kinase interaction networks can be
found at the STRING Consortium (https://string-db.org/), which provides a data-
base of thousands of known or predicted protein-protein interactions based on
experimental evidence. While these experimental approaches and database compi-
lations provide the basis for manipulating specific protein-protein-interactions, a
detailed analysis of the structural features involved will allow the rational identifica-
tion and development of compounds that modulate these interactions.

A variety of methodologies for structure-based drug design, including X-ray
crystallography, nuclear magnetic resonance, and cryo-electron microscopy, have
been widely used to generate structural information on protein kinases [59]. Other
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approaches such as hydrogen-deuterium exchange mass spectrometry can evaluate
dynamic structural movements within a protein to evaluate regions of flexibility or
rigidity under various conditions [60]. With new information on the structural
details of protein kinases, new opportunities to develop function-selective inhibitors
of protein-protein interactions involved in disease will emerge. The next chapter
will describe the use of computational approaches, which consider the structural
features of protein-protein interactions identified by experimental approaches to
design new small-molecule inhibitors of protein kinases.
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Abstract Computational methods are useful tools to assist and interact with exper-
iment techniques to expedite the drug design process in general. Provided here is an
introduction of well-established and newly developed computer-aided drug design
(CADD) approaches that are regularly being used in the development of kinase
inhibitors. This includes methods from the two major CADD categories: structure-
based drug design (SBDD) and ligand-based drug design (LBDD). With known
three-dimensional structure of the target, SBDD approaches help to identify key
structural and interaction features that are responsible for specific biological func-
tions of the target. Such information can be utilized to design inhibitors via a number
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of approaches including database screening, fragment-based drug design, and
ligand optimization. LBDD methods focus on known inhibitors for a target to estab-
lish a relationship between their intrinsic properties with experimental activities,
termed structure-activity relationship, information that can be used for optimization
of known inhibitors in order to improve their activities. In this chapter, CADD
protocols from both SBDD and LBDD will be presented along with real-life exam-
ples of successful applications of these methods for kinase inhibitor discovery in
our laboratory.

Keywords Computer-aided drug design - SILCS - Molecular dynamics - ERK
kinase - P38 map kinase - P56 Lck kinase

Introduction

Serving as the phosphate group transportation mediator, kinases together with phos-
phatases modulate a wide range of physiological activities, associated with the more
than 500 kinases encoded in the human genome [1]. Since almost all signal trans-
ductions are related to phosphate group transportation, protein kinases regulate
most of the signal transductions in eukaryotic cells. Thus, protein kinases are identi-
fied as promising therapeutic targets in cancers which are caused by aberrations in
their signaling network [1, 2]. In addition, observations about the important role of
deregulation of kinase function in inflammatory, immunological, and degenerative
diseases make kinases attractive targets for these conditions [3, 4] Accordingly, doz-
ens of kinase inhibitors have been approved thus far, targeting a wide range of
kinases including MEK, JAK, CDK, and EGFR, and even more drugs are in clinical
trials [5].

Despite the established druggability profile of kinases, challenges still remain in
the drug discovery of kinase inhibitors [6]. This includes but is not limited to over-
coming drug resistance, enhancing target selectivity to reduce off-target toxicity,
and identifying new targetable binding sites for kinase inhibitors. Toward these
goals, computer-aided drug design (CADD) approaches can be extensively utilized
together with wet-lab techniques to expedite the discovery progress. CADD meth-
ods apply mathematical models to describe the behavior of both target macromole-
cules and small drug molecules and link them to experimental observations often in
a predictive manner. Benefiting from the fast growth of computer power and
advances in the development of new algorithms, CADD methods are both economi-
cally efficient and of appropriate accuracy to facilitate the drug discovery process
[7, 8] and help to address existing challenges to the development of new kinase
inhibitors. In this chapter we present an introduction to CADD methods, focusing
on those used in the drug design studying kinases. This is followed by more detailed
information on CADD studies on kinases with emphasis on studies performed in
our laboratories. In particular we present our successful efforts to overcome chal-
lenges associated with the development of specific kinase inhibitors by targeting the
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regions of the protein involved in protein-protein interactions with substrate pro-
teins [9-13].

Basic Concepts of CADD and Typical CADD Methods

Figure 1 illustrates a typical CADD workflow including both SBDD and LBDD
methods that can be interactively used with experimental techniques for drug dis-
covery [14-16]. CADD methods can be separated into structure-based (SBDD)
and ligand-based (LBDD) approaches. Once the therapeutic target on biological
pathway gets identified, CADD approaches can be utilized with wet-lab tech-
niques to promote the whole drug design process. With target structure being
solved either by crystallography or nuclear magnetic resonance (NMR) [17],
SBDD methods can be used to explore important contributors to drug binding at
the atomic level and help to design new drugs from scratch or optimize known
drugs [7, 8]. Sometimes, even without an experimentally solved target structure,
SBDD methods can build computational structure models based on sequence
information alone using techniques such as homology modeling [18] even though
the models’ accuracy usually depends on the sequence identity of the target with
template structures being used to build the models. Typical SBDD methods
include molecular dynamics (MD)-based techniques such as various free-energy
prediction methods [19-21] and virtual screening techniques such as docking [22,
23] and receptor-based pharmacophore methods [24, 25].

Once one or several hit molecules get identified even without a known target
structure, LBDD methods can be used to start new hit searches usually through
chemical-fingerprint-based similarity searches [26, 27] or hit optimization usually
by building structure-activity relationships (SAR) [28-30] using experimental
activity data. Similarity search has the ability to locate more hit compounds based
on the assumption that chemically similar compounds should have similar activities
while SAR models have the power to prioritize new designs and interact with bioas-
say tests to refine the hits and find better binders. Another type of a typical LBDD
method is the ligand-based pharmacophore method, which is different from
receptor-based pharmacophore methods in that the pharmacophore models are built
from known ligands without using receptor information [31, 32]. There is no divid-
ing line between the two type of CADD methods, and at the later stage of drug
discovery when abundant information about both the receptor and ligand is avail-
able, SBDD and LBDD methods are frequently used together with experimental
techniques to facilitate the drug design process.

A central feature of computational modeling of biological systems is to build
mathematical relationships between structures and energies of the studied systems
and then relate calculated observables to biological data for explanations of biologi-
cal phenomenon. In terms of drug design, CADD methods [7, 8] are mathematical
tools to manipulate and quantify the properties of potential drug candidates and
study their interactions with macromolecular receptors such as proteins as described
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information between each other, e.g., MD simulation can provide conformations for other SBDD
methods



Developing Kinase Inhibitors Using Computer-Aided Drug Design Approaches 85

by the equilibrium in eq. (1) where receptor and ligand are in their free states on the
left of the equation while they form a complex on the right:

Receptor + Ligand <> Receptor — Ligand )

To physically describe the strength of such ligand-receptor interactions, the free
energy change, AG, upon binding is used and this physical term can be separated
into enthalpy (H) and entropy () terms as defined in eq. (2), where T is the system
temperature:

AG = AH ~TAS 2)

Here enthalpy can be calculated using defined energy terms while entropy can be
estimated from motions occurring in the drug, receptor, and surrounding solvent
environment, referred to as the conformational properties. And since the drug design
process is to identify, optimize, and develop drug molecules that tightly bind to their
receptors, drug-receptor interaction strengths need to be modeled. Thus, the ability
to calculate energies related to enthalpy and conformational properties related to
entropy are the two most basic yet important capabilities being used throughout all
CADD methods. Accordingly, one of the major differences in CADD methods is the
level of approximations being made to calculate energy and conformation. The
approximations include the level of detail used to describe the energy of a molecule,
which describe the conformation of a molecule rigidly or dynamically. It is this
level of detail that determines the accuracy and speed of the modeling. Obviously,
accuracy and computational cost are correlated and usually people make compro-
mises between the two according to their simulation needs.

Considering the energy of a molecule, a physical way to describe the potential
energy of a molecule is achieved by using a force field [33—38]. A force field has an
energy functional form and associated parameters used to fit into the function in
order to calculate energy and forces. The energy function includes both bonded
terms for description of bonded atoms in a molecule and nonbonded terms for elec-
trostatic and van der Waals interactions that occur between atoms and molecules.
For an all-atom force field, parameters for every type of atom in a system are pro-
vided and were optimized to reproduce experimental and quantum mechanics data.
Commonly used force fields include the CHARMM [33-36] and AMBER [37, 38]
families. The approaches based on all-atom force fields include energy minimiza-
tions and MD simulations of proteins with ligands including an explicit representa-
tion of the solvent environment.

Alternative are virtual screening methods that can be applied to large numbers of
ligands binding to a protein. To rapidly predict binding energy in virtual screening
that includes millions of chemical compounds, a simplified empirical scoring func-
tion is frequently used to dock molecules into a binding pocket on the protein. These
empirical scoring functions [39—42], such as GlideScore, [39] only incorporate sev-
eral energy terms and, typically, include lipophilic, hydrogen bonding, and solva-
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tion terms with weighting factors and are typically fitted to a training set of
receptor-ligand complexes with known experimental binding data.

As an extreme version of scoring function, VS pharmacophore methods [24, 25,
31, 32] further simplify the energetic details into a pharmacophore model which
contains spatially distributed chemical features that are essential for specific ligand-
receptor binding. And virtual screening is conducted by examining the compliance
of aligand conformation with pharmacophore features usually in a root-mean-square
deviation term. Thus, the binding of ligand is quantified through a qualitative way
so that its computational cost is the least compared to other interaction energy eval-
uation methods.

With the rapid growth of artificial intelligence, new machine learning techniques
are empowering the CADD field. Unlike force fields or empirical energy functions,
machine-learning-based scoring schemes do not have a predetermined energy func-
tion but are inferred directly from the data instead [43—45]. Trained using big data
sets, machine-learning-based scoring protocols, such as RF-Score-VS [45], have
been indicated to achieve a higher accuracy level compared to traditional energy
calculation schemes. However, to date that success has been limited to the chemical
space of the ligands and the proteins in the data set used to train the machine learn-
ing model [46].

With respect to conformational properties, MD simulation is a good physical
approach to generate meaningful conformational ensembles for both the receptor
and ligand molecules [47]. The structure of a biological molecule is highly related
to its biological function, and thus finding biological meaningful conformations of
a studied system is a key step in predicting its biological activity [48]. When a small
ligand binds to a macromolecular receptor, both molecules change their conforma-
tion to a varying extent in order to maximize the complementary interactions
between the two. Accordingly, taking conformational flexibility into account is
quite important to maximize the prediction accuracy [49, 50]. MD simulations are
performed by integrating the molecular system forward in time according to
Newton’s equations of motion. Thus, MD simulations can capture conformational
changes that happen on the simulation time scale, which is typically in the range of
up to microseconds, though longer simulations have been reported. To treat longer
time scale conformational changes, enhanced MD techniques such as replica
exchange (REMD) [51] and targeted MD (TMD) [52] can be used while only con-
suming a relatively short simulation time.

For virtual docking to consider ligand conformational flexibility, various sam-
pling algorithms may be employed [53]. The incremental construction method
adopted by the docking software DOCK [54] put a rigid central portion of the ligand
as the anchor at the binding site, and the rest of the ligand is incrementally grown to
sample different conformations. Another docking code, AutoDock [55], uses a
Lamarckian genetic algorithm to generate ligand conformations on the fly during
docking. These approaches are designed to obtain biologically meaningful confor-
mations of the ligands though they are often performed in conjunction with a rigid
protein structure.
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During different stages of a drug discovery, different levels of CADD methods
can be used to satisfy different needs [7, 8]. In the hit identification stage of drug
discovery, since no or limited drug information is available, usually million times of
energy evaluations need to be done in a fast fashion. Efficient and low computation
demanding methods such as VS approaches are needed with a tolerance of sacrific-
ing some extent of accuracy. When it comes to the lead optimization stage of CADD,
more accurate methods that require heavy computational costs are needed to cap-
ture subtle balances between various contributors to the drug-receptor interaction.
This level of detail is required to finely tune a lead molecule to enhance its binding
affinity. As this stage, more sophisticated methods such as MD-based free energy
perturbation (FEP) methods [20, 21, 56] can be used. FEP methods calculate free
energy difference between two states by summation over ensemble averages of
Hamiltonian differences between neighboring intermediate states along the path-
way connecting the two end states [20, 21]. Thus, such methods require more con-
formational samplings and energy evaluations and come at high computational
costs but can enhance the predictability of CADD models.

Researchers are continually developing and implementing new CADD tech-
niques to pursue higher levels of accuracy and faster speed, and many new methods
are emerging to make better balance between the two aspects. To overcome the high
computational costs associated with FEP and related techniques, our lab developed
an end state method to evaluate relative binding free energy difference between two
ligands with small functional group modifications based on a single-step free energy
perturbation (SSFEP) formula [57]. The SSFEP method uses existing MD simula-
tion data of a ligand in a given environment and postprocesses the data to estimate
the alchemical free energy change of chemically modifying the ligand. Thus, com-
pared to normal FEP calculations, SSFEP can be orders of magnitude faster during
drug optimization stage since it allows data from a single ligand receptor complex
simulation to be rapidly postprocessed to evaluate tens to hundreds of possible
modifications.

Another novel CADD protocol developed in our lab is the site-identification by
ligand competitive saturation (SILCS) method [58-60]. SILCS uses all-atom
explicit-solvent MD simulations that include small organic solutes, such as ben-
zene, propane, methanol and others, to identify 3D functional-group binding pat-
terns on the target. Probe molecules being used in SILCS can represent various
chemical functional types involved in interactions with the target that includes apo-
lar, hydrogen bonding and charged interactions. Such binding information can be
used qualitatively to direct ligand design when converted to fragment occupancy
maps termed FragMaps or can be used quantitatively to estimate the relative binding
affinities of ligands free energies when converted into grid free energy (GFE) terms
based on Boltzmann transformation [60]. Precomputed FragMaps can be used to
perform fast binding affinity predictions with minimal computational costs once the
FragMaps have been calculated. The current applications of FragMaps include
docking protocol using SILCS-MC [60, 61] and pharmacophore modeling using
SILCS-Pharm [62, 63]. And the related methods can benefit from the free energy
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context of the FragMaps which take both conformational flexibility and desolvation
effect into account intrinsically along with ligand-protein interactions.

In SILCS-MC, the ligand is thoroughly sampled using the MC technique in the
GFE FragMaps that come from SILCS simulation [60, 61]. During the sampling,
each atom in the ligand positioned within a voxel of FragMap of the same type will
be assigned the voxel GFE value, and the docking score named ligand GFE (LGFE)
is the sum of GFEs contributed from all atoms in the ligand. Since FragMaps comes
from explicit solvent full MD-based SILCS simulations, receptor flexibility is
implicitly considered in the maps. Similar to the technique as used by AutoDock
[55], using GFE grid maps has the benefit to efficiently evaluate docking poses. But
different from the AutoDock docking grids, the GFE values from the FragMap grids
contain abundant energy information that directly comes from our SILCS free
energy binding assay. Thus, the SILCS-MC protocol presents a way to efficiently
use free energy information from MD in a docking manner to balance both accuracy
and efficiency. A recent study even shows it outperforms traditional FEP methods in
the estimation of relative binding free energies of inhibitors targeting two kinase
systems, ACK1 and p38 MAP kinase [57].

In the pharmacophore modeling application, SILCS-Pharm converts the spatial
distributions of FragMaps of a specific type into pharmacophore features of the
same type, and an importance score defined as feature GFE (FGFE) is assigned to
each feature automatically [62, 63]. Volume constraints, which are derived by using
SILCS exclusion maps, are also included in a pharmacophore model to represent for
the forbidden region of small molecules. Based on the tests performed on eight
protein targets from the DUD database [64], better performances of SILCS-Pharm
are seen when compared to some typical target-based pharmacophore methods and
docking methods [62, 63]. Unlike the other receptor-based pharmacophore model-
ing method, which mostly uses both rigid receptor structure and rigid probe mole-
cules [24, 25], SILCS-Pharm extracts features based on FragMaps that intrinsically
contain flexibility consideration for both receptor and probe molecules. And it also
benefits from using the GFE score that contains free energy like information with
desolvation effects to prioritize important features.

The above fully described methods are mainly SBDD methods while LBDD
methods are also very useful. The similarity search method [26, 27] requires the
least inputs among all CADD methods since it only requires one lead compound
and can help to quickly accumulate more hit compounds for other CADD methods
to perform further analysis. The philosophy behind the similarity search method is
that structural similar chemicals are likely to have similar activities. And so, this
approach may be used to potentially identify compounds with improved activities
and develop SAR for each series of compounds that may be used to direct further
ligand design. To calculate the similarity between two compounds, fingerprint,
which is a collection of structural or physiochemical properties about a molecule, is
usually used. Chemical fingerprints such as BIT-MACCS [65] encode information
such as the presence of specific types of atoms, bonds, or scaffolds in the molecule
into bits in a string and can be used to identify compounds that are structurally simi-
lar to the lead. Physiochemical fingerprints such as MP-MFP [66] encode properties
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such as molecular weight, polarity, and free energy of solvation, which can be used
to locate compounds with similar physiochemical properties, but dissimilar struc-
tures and may help to identify new hits with new scaffolds. More details about typi-
cal LBDD methods can be found in a previous review from our laboratory [67].

Applications of CADD Methods for Kinase Inhibitor
Development

CADD methods were regularly utilized by researchers to help with the development
of kinase inhibitors. A major challenge to the development of kinase inhibitors is
drug resistance. Resistance to kinases can be caused by different mechanisms such
as amplification of the oncogenic protein kinase gene [68] but, most frequently, is
caused by inherent or acquired missense mutations in the targeted kinase [69].
Understanding the atomic-level mechanism behind the kinase inhibitor resistance
helps in the design of new generation kinase inhibitors to overcome the resistance.

Tanneeru et al. studied the molecular mechanism of native and mutant break-
point cluster region-Abelson (BCR-ABL) kinases inhibition by Ponatinib at the
atomic level using molecular dynamics (MD) simulations [70]. BCR-ABL is the
cytoplasmic fusion oncoprotein with constitutive tyrosine kinase activity that is
related to chronic myeloid leukemia [71]. Well-established kinase inhibitors such as
imatinib are effective but are resistant to some BCR-ABL mutations including the
T3151 mutation while the new generation ABL inhibitor ponatinib is able to inhibit
both wild-type and most of the clinically relevant mutants [72]. In the study, MD
simulations were performed on 14 mutant ABL kinase-ponatinib complexes and
ponatinib binding free energies were calculated. Residues that are responsible for
ponatinib binding were identified and their conformational changes upon mutations
analyzed to obtain insights that would be helpful in the design of new ABL inhibi-
tors that can inhibit a wide range of mutants and overcome the mutational resis-
tance [70].

In another study conducted by Hauser et al., resistance of 8 kinase inhibitors
across 144 clinically identified ABL mutations were predicted using alchemical free
energy calculations [73]. The ability for free energy calculations to predict how
kinase mutations modulate inhibitor affinities to ABL was examined, and high accu-
racy of the applied modeling protocol was observed. This study established the
potential of using computational modeling to reliably predict drug resistance to
kinase mutations in an automated fashion.

The majority of kinase inhibitors target the ATP-binding site located between
two lobes of the kinase. Since the ATP-binding site has conserved motifs across
most kinases, it is a challenge to design selective kinase inhibitors [74]. To address
this, Huang et al. presented a bioinformatics study on kinase selectivity using net-
work analysis [75]. They identified ATP-binding site residues for most human
kinases using structure- and sequence-based approaches. Based on known strategies
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for developing selective kinase inhibitors, key residues were recognized which were
encoded into fingerprints and analyzed by a network approach to yield kinase selec-
tivity potential networks. Such networks can help to propose systematic guidelines
to develop selective kinase inhibitors.

In another study, using the WaterMap protocol [76], Robinson et al. studied
kinase inhibitor selectivity for four kinase systems [77]. Comparisons of the loca-
tions and energetics of ATP-binding site water molecules from MD simulations
were made, and differences in water structures and energetics were used to qualita-
tively explain the observed variations in activity. Such a computational technique
may help to examine selectivity of designed inhibitors and suggest priority for test-
ing during the development of selective kinase inhibitors.

Going beyond the ATP-binding site and finding alternative binding sites for
kinase inhibitors is another approach to overcome kinase selectivity and resistance
issues. Using CADD approaches, our laboratory together with experimentalists
designed new extracellular-signal-regulated kinase (ERK) inhibitors targeting the
substrate docking domains that have the potential to develop selective inhibitors for
specific substrates involved in pathological conditions while preserving interactions
involved in normal cellular processes [9-13]. In silico database screening was con-
ducted to search for small-molecular-weight compounds, and several bioassay con-
firmed compounds were verified by experimental studies to inhibit ERK-specific
phosphorylation of ribosomal S6 kinase-1 (Rsk-1) and the ternary complex factor
Elk-1 (TCF/Elk-1), which are involved in promoting cell proliferation. Lead com-
pounds being identified in these studies set the road toward the development of
novel non-ATP-dependent inhibitors selective for ERK and its interactions with
substrates involved in cancer cell proliferation.

In this section, an overview of research works from our laboratory employing
CADD methods targeting kinase systems is presented. These examples put various
CADD methods in a practical context to help the reader better understand how
CADD methods can interact with experimental techniques to expedite the develop-
ment of kinase inhibitors.

Extracellular-Signal-Regulated Kinases (ERK)

The extracellular-signal-regulated kinases (ERK) are members of the mitogen-
activated protein (MAP) kinase family that play an integral role in signaling events
that regulate cell growth, proliferation, differentiation, inflammatory responses, and
programmed cell death [78, 79]. The ERK proteins consist of two isoforms, ERK1
and ERK2. Activation of ERK proteins is tightly regulated by direct phosphoryla-
tion of residues Thr183 and Tyr185 (according to ERK?2 and is shown by stick rep-
resentation in Fig. 2a), and resulted movement of the ATP-binding site (as shown by
pink spheres in Fig. 2a) in the N-terminal lobe in proximity with the C-terminal lobe
allows phosphorylation of many substrate proteins [80, 81]. Unregulated activation
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Fig. 2 (a) Binding sites on ERK2 protein. ERK2 structure contains N-terminal and C-terminal
lobes. ATP-binding site is indicated by residue K52 in VDW representation as shown by pink
spheres. CD site residues D316 and D319 are shown by blue spheres while ED site residues T157
and T158 are shown by green spheres. Phosphorylation site residues T183 and Y185 are shown in
stick representations. Binding response identified site 5 at the FRS site is indicated by yellow
spheres. (b) Enlarged view of crystal binding pose of compound 2.3.2 at the FRS-binding site and
overlaid FragMaps around it. Favorable apolar and hydrogen bond acceptor FragMaps are shown
by green and red frames, respectively. FragMaps on the ligand-binding orientation reproduce
important binding patterns while those surround the binding pose indicate additional binding infor-
mation that can be utilized to optimize the current lead

of ERK1/2 signaling has been found in a variety of cancers [82]. Thus, ERK1/2
serve as promising cancer-related drug targets.

Structural studies show conservation of the catalytic domain that includes the
ATP-binding site among MAP kinase proteins, and many early kinase inhibitors
were developed to target this region for competition of ATP binding [83]. However,
such designed inhibitors lack specificity. Thus, researchers were looking for a way
to target beyond the ATP-binding site in order to develop more selective inhibitors.
This effort in our laboratories focused on the identification of compounds that can
interrupt interactions between ERK1/2 and specific substrates involved in disease
processes such as cancer cell proliferation or inflammatory responses while preserv-
ing ERK-mediated regulation of substrates involved in normal cell functions.

A number of experimental studies identified two docking domains on ERK1/2
that are involved in interactions with substrates leading to their phosphorylation.
The first-identified such docking domain is the common docking (CD) domain,
which is located on the opposite side to the MAP kinase activation lip and consists
of aspartate residues 316 and 319 in ERK2 as shown by blue spheres in Fig. 2a [84].
The CD domain of ERK2 was shown to facilitate interactions with the upstream
activating proteins [84], and mutagenesis study indicated its interaction with the D
domain on substrate proteins [81]. Another docking site that is adjacent to the CD
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domain is referred to as the ED domain, which consists of threonine residues 157
and 158 in ERK2 as shown by green spheres in Fig. 2a, and was shown to confer
specificity [85]. Studies using deuterium exchange and mass spectrometry to mea-
sure solvent protection revealed hydrophobic regions near the activation lip of
ERK?2 identified a third site referred to as the F-site recruitment site (FRS) [86]. The
FRS site consists of residues L198, Y231, L.232, .235 and Y261 and was shown to
interact with F domain on substrate proteins [86].

To reach the goal of substrate-specific ERK1/2 inhibitors, the above-mentioned
docking domains were targeted to search for small-molecular-weight ligands that
bind to these sites and inhibit interactions with selected substrate proteins. Since the
ED and CD domains are close to each other, CADD methods were employed to
target this region [9—11]. In our first attempt [9], the crystal structure of ERK2 in the
unphosphorylated inactive state (PDB ID: 1ERK) [87] was used with SBDD meth-
ods. To search for putative binding sites, complimentary probe spheres that occupy
concave sites on the protein were generated on the solvent accessible surface (SAS)
of the protein. The SAS was generated using the program DMS [88], and spheres
were calculated with the SPHGEN code [89] associated with the program DOCK
[54]. Spheres that were within both 10 A of the CD domain and 12 A of the ED
domain were selected, yielding a sphere cluster of 11 spheres located in a groove
between the CD and ED domains. This sphere set served as the target site for in
silico docking studies performed using the program DOCK [54].

An in-house database containing more than 800,000 commercially available
compounds was screened in the VS study. During the docking, ligands were treated
as flexible based on the anchored search method and a two-step fashion docking
algorithm [9]. At the primary docking step, the applied anchored search method
involved separating each compound into rigid segments and those with more than
five heavy atoms were used as anchors. Anchors were docked into the binding site
in 250 orientations based on overlap with the sphere set defining the site and then
energy minimized. The other parts of the molecule were then built around the anchor
by adding them in a layer-by-layer manner based on segments connected through
rotatable bonds. At each step, the dihedral around the rotatable bond was sampled
in increments of 10°, and the lowest conformation was reserved. Each rotatable
bond was minimized as it was created without re-minimizing the other bonds. The
top 20,000 hit compounds from the primary docking step were selected based on
their normalized van der Waals (VDW) interaction energy to minimize the bias
toward the selection of highly polar compounds. The use of the VDW interaction
energy leads to compound selection being focused on the molecule-target site
shape complementarity. In addition, to maximize the hit compound druglikeness,
a size normalization approach [90] was applied to lead to the selection of lower-
molecular-weight compounds. In the secondary docking step of the selected 20,000
compounds, additional minimization of all rotatable bonds simultaneously was
performed during the anchor-based VS approach used in the primary docking in
order to treat ligand flexibility in a more rigorous way. The normalized total inter-
action energy was used to select the top 500 hit compounds for further diversity
analysis.
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To maximize the chemical diversity of selected compounds for bioassay testing,
the top 500 compounds from the docking VS were subjected to chemical similarity
clustering. Clustering used the Jarvis-Patrick algorithm [91] implemented in the
MOE program [92] with the BIT-MACCS fingerprint to describe each molecule,
and the similarity between fingerprints of two molecules were evaluated using the
Tanimoto coefficient [93]. From this effort, approximately 100 clusters of various
sizes were obtained with the compounds in each cluster being similar. One or more
compounds per cluster were chosen with emphasis on druglikeness according to
Lipinski’s rule of 5 (ROS5) [94]. A total of 86 compounds were selected from which
80 were purchased from commercial vendors for experimental testing. Several com-
pounds from this CADD effort were shown to inhibit the phosphorylation of two
ERK substrates, ribosomal S6 kinase-1 (Rsk-1) and transcription factor Elk-1.
Direct binding of the compounds to ERK2 was confirmed via fluorescence spectros-
copy. Active compounds also showed dose-dependent inhibition of proliferation in
several cancer cell lines. These compounds serve as the first ATP-independent
inhibitors of ERK [9].

Following the initial VS effort, a similar CADD VS was performed targeting the
active phosphorylated ERK2 structure (PDB ID: 2ERK) [95]. The second screen,
which applied the same CADD protocol, was motivated by the fact that the acti-
vated ERK proteins are likely to be more biologically relevant in the context of
proliferating cancer cells [10]. As only small conformational changes between inac-
tive and active ERK2 structures are presented in the region of the ED and CD
domains, the VS hit compounds had significant overlap with the initial VS study.
However, there were still 45 new compounds identified which appeared to be asso-
ciated with the subtle structural change around the CD domain. And 4 out of the 13
tested compounds were shown to have strong inhibition against ERK-mediated
phosphorylation of Rsk-1 and Elk-1 [10].

Once compounds that inhibit the binding of substrate proteins to ERK were iden-
tified, the LBDD method was applied to identify additional active compounds [12].
This involved the use of the similarity search method to identify compounds that are
structurally similar to the active compounds. The similarity search was conducted
using the BIT-MACCS fingerprint with the Tanimoto similarity index against a vir-
tual database of over one million commercially available compounds. From this
effort, 5 and 10 compounds similar to the lead compounds 17 and 76, respectively,
were selected and tested for inhibition of cell proliferation. One compound 76.3 was
found to have higher potency than the lead compound 76. In addition, compounds
76.2 and 76.4 had similar potencies and biological effects. Cell-based and in vitro
kinase assays indicated that compounds 76.3 and 76.4 directly inhibited ERK-
mediated phosphorylation of caspase-9 and the p90Rsk-1 kinase, which phosphory-
lates and inhibits Bad, more effectively than the lead compound 76. Thus, the LBDD
method was able to locate more potent inhibitors and accumulate more selective
molecules that can help with future development of more chemotherapeutic agents
with improved efficacy to disable some of ERK1/2 protein functions [12].

Besides CD and ED sites, we have also used CADD methods to target the FRS
site, which has been shown to be involved in ERK-substrate interactions [13]. To
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identify putative binding sites around FRS site region, MD simulations were con-
ducted to generate biologically meaningful conformations on both phosphorylated
and unphosphorylated ERK?2 structures. In addition, SILCS simulations were con-
ducted with probe molecules to explore possible conformational changes that would
allow for ligand-binding pockets not evident in the crystal structures, nor observed
in the standard MD simulations, to be identified [96]. The protein conformations
from the three simulations were collected and clustered to yield 18 representative
conformations that used in the following binding site analyses focusing on the FRS
region based on the binding response (BR) protocol developed in our lab [97]. BR
involved docking a preselected batch of representative drug molecules to each con-
formation of the protein. The geometric fitness of drug molecules to the binding site
and their DOCK interaction energies with binding site residues are calculated with
putative binding sites ranked based on a combination of the favorable binding ener-
gies and geometric fitness. The method has been tested against a number of known
protein-ligand complexes and shown to identify the experimental binding sites to a
high level of accuracy [97].

From the BR calculations, a docking site named site 5 at the FRS site was identi-
fied as shown by yellow colored spheres in Fig. 2 and was targeted in VS. The two-
step fashion docking protocol used for ED and CD site studies was used to screen
an in-house database composed of 1.5 million commercial compounds. To consider
conformational flexibility of ERK2, representative protein conformations from MD
simulations were used in the docking studies, and each compound was docked to all
conformations with the best scored docking pose across all conformations being
retained for each ligand for use in the final ligand ranking. The top 1000 compounds
from the two-step docking were clustered based on their similarities, and seven
chemically diverse compounds were selected for the bioassay involving their effects
on ERK1/2-mediated phosphorylation and signaling events. Several hit compounds
were shown to inhibit ERK1/2-mediated phosphorylation of the transcription factor
Elk-1 with compound 2.3.2 being the best one [13].

Of the active compounds, further optimization was undertaken on compound
2.3.2. This involved use of the SILCS FragMaps obtained from SILCS simulations
using benzene and propane in aqueous solution. As shown in Fig. 2b, apolar
FragMaps identified a putative binding pose of the phenyl group of 2.3.2, and the
hydrogen bond acceptor FragMap captured the binding mode of sulfonyl oxygens.
This indicates the ability of SILCS FragMaps to capture important binding patterns
at the FRS site of ERK2. Notably, additional apolar FragMaps were seen near the
2.3.2 binding location as shown in Fig. 2b. The presence of such maps suggests that
additional hydrophobic groups added to 2.3.2 might lead to improved affinity of
ligands for the FRS site. Following this observation, three compounds with addi-
tional hydrophobic groups including methyl, biphenyl, and naphthyl moieties were
designed, and their binding affinity changes related to the parent compound 2.3.2
were evaluated using LGFE scores which indicated that the modification would
increase affinity for the binding pocket. These compounds were then realized by
chemical syntheses, and the following bioassay tests verified these LGFE scored
designs. Furthermore, the 2.3.2 analogs were shown to inhibit the expression of
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F-site containing immediate early genes (IEGs) of the Fos family, including c-Fos
and Fral, and transcriptional regulation of the activator protein-1 (AP-1) complex.
Moreover, this class of compounds was shown to selectively induce apoptosis in
melanoma cells containing mutated BRaf and constitutively active ERK1/2 signal-
ing, including melanoma cells that are inherently resistant to clinically relevant
kinase inhibitors. Thus, the SILCS-based SBDD method successfully helped to
optimize the lead compound, yielding a novel class of compounds that inhibit
ERK1/2 signaling functions [13].

Structure-related biological mechanisms can also be studied using SBDD meth-
ods. As introduced previously, ERK1/2 can be activated by phosphorylation of two
conserved residues on the activation lip mediated by MAP/ERK kinases. In addi-
tion, it had been found that certain mutations can activate ERK?2 through an autoac-
tivation mechanism [98]. This involves the gatekeeper residue Q103 and adjacent
hydrophobic residues 184 and L73, and mutation of these hydrophobic residues to
smaller residues led to enhanced autophosphorylation and kinase activity. We con-
ducted a series of MD simulations of ERK1 and ERK?2 in various stages of activa-
tion and the constitutively active mutants to investigate such an autoactivation
mechanism [99]. The crystal structures of inactive and active ERK2 and monophos-
phorylated ERK1 as well as modeled structures of ERK2 mutants L73P, I84A,
QI103A, R65S, K162M, and G83A were used to initialize the study. The MD simu-
lations were performed in the NPT ensemble using the CHARMM program [100]
with the CHARMM all-atom force fields [33—36]. MD simulations using the origi-
nal [52] and restricted perturbation targeted MD methods [101] with the CHARMM
[100] and NAMD [102] programs were conducted to identify transition pathways
from the inactive to the active state of unphosphorylated ERK?2.

Analyses on the MD trajectories showed that domain closure between N domain
and C domain was observed in all states except for the inactive kinase, and such
closure happened early in the simulation prior to folding of the activation lip and of
L16 loop. Quasi-harmonic analyses of both the inactive and active states, a method
used to identify global conformational changes in proteins and macromolecules
[103], showed that hinge-type compression over the substrate-binding site and ED
motif was a dominant motion for activation. Variance-covariance matrices analyses,
which provide information about the extent of correlation of the motions of residues
[104], showed that the correlations in the active and inactive states are generally
equal in sign but different in magnitude. In particular, the various binding sites were
much more strongly coupled in the inactive state.

Structure analyses further showed that the second phosphorylation event on
T183 disrupts hydrogen bonding involving residue D334, thereby allowing the
kinase to lock into the active conformation. Different effects brought by different
mutations can be summarized from the simulation as follows. The G83A mutation
was predicted to impede activation while Q64C was hypothesized to stop folding of
loop L16, thereby perturbing the homodimerization interface. All these results
extracted from MD simulations provide additional information to give a better
understanding on functions of ERK proteins and may help with the design of new
ERK specific inhibitors [99].
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P38 MAP Kinase

P38 MAP kinases are also members of the MAP kinase family. The p38 MAP
kinases contribute to the pathogenesis of many human diseases including cancer
[105] and inflammatory bowel disease [106]. P38 MAP kinases—mediated regulation
of endothelial and epithelial barrier function and leukocyte trafficking are central to
the pathogenesis of acute and chronic inflammatory disorders [107]. Thus, preclini-
cal studies strongly support the pharmacologic targeting of p38 as a treatment for
inflammatory diseases.

The P38 MAP kinase family is composed of several isoforms, and genetic and
pharmacologic studies have identified p38a as the proinflammatory isoform [108]
whereas other studies showed that p38p signaling to be cytoprotective [109].
However, most of the existing p38 inhibitors are short of selectivity between iso-
forms and are active against both p38a and p38f [110]. In addition, these inhibitors
lack efficacy and showed toxicity, and they have had very limited success in clinical
testing [111]. Finally, the majority of the inhibitors are targeting the p38a catalytic
site so that all p38a signaling events will be blocked among which some are essen-
tial for reestablishing and maintaining homeostasis.

To overcome the above limitations, we took a strategy similar to that was done
with ERK to go beyond the ATP-binding site and obtain for p38a specific small-
molecule inhibitors [112]. The CADD effort targeted the substrate-binding groove
of p38a, which stretches between two acidic patches, the common docking (CD)
and glutamate-aspartate (ED) domains. The crystal structure of mouse p38a (PDB
ID: 1P38) [113] was used to initialize the study. The NAMD program [102] with the
CHARMM force field [33-36] was used to conduct a MD simulation in order to
generate multiple protein conformations. Protein structures from MD trajectory
were subjected to clustering to identify 20 representative protein conformations that
were used in the BR method to identify potential binding sites. Out of this effort, a
pocket near the ED site comprising of ten amino acid residues was identified and,
importantly, only seven residues in this pocket are shared between p38a and p38p,
indicating the specificity that can be pursued. Overlay of structures of unphosphory-
lated and dual-phosphorylated p38a revealed near-superposition of the targeted
pocket in the two forms, which indicates the preserved conformation of this site
even when being activated. Thus, ligands binding to this site inhibit interactions
with substrates for both activated and nonactivated forms.

A similar two-step docking protocol used for ERK [9] was employed. An in-
house database of commercially available compounds from the Maybridge [114]
was used in the screening. At the first step of docking, compounds were ranked
based on their VDW energies with size-based score normalization, and 50,000 com-
pounds were selected for a second step of docking with additional minimization of
the small molecules. Then, the top 1000 compounds were selected based on the total
interaction energy including size-based normalization from the second step of dock-
ing. Chemical-fingerprint-based cluster analysis was performed to identify chemi-
cally diverse compounds, and the final list of hit compounds were selected based on
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our scalar 4-dimensional bioavailability (4DBA) metric [115] to account for drug-
likeness. The 4DBA descriptor was developed in our lab to address the first four
criteria in ROS in order to judge the druglikeness of a compound based on a scalar
metric and thus facilitate the VS hit selection in an automatic fashion [115]. A panel
of 150 diverse compounds was selected for biological testing from which 20 of
these structurally dissimilar compounds were obtained for functional analysis.

Testing of the 20 compounds yielded an active compound, UM101. Experiments
showed this compound to be at least as effective as one existing inhibitor, SB203580
[116], targeting the catalytic site in stabilizing endothelial barrier function, reducing
inflammation, and mitigating LPS-induced mouse lung injury. Specificity of UM 101
on binding to p38a but not p38P was verified by differential scanning fluorimetry
and saturation transfer difference-nuclear magnetic resonance. RNA sequencing
analysis revealed that UM101 inhibited more genes and transcription factors than
the catalytic inhibitor SB203580 but spared the antiinflammatory p38x substrate
and the mitogen- and stress-activated kinase (MSK) 1/2 pathway.

The MD-based SBDD method can also help with the optimization of p38 small
molecule binders that target the catalytic site. In a validation study of the SILCS
method that included p38 [60], it was shown that FragMaps from SILCS can cor-
rectly reproduce the crystal binding modes of important function groups in six
known p38 ligands as indicated by overlaps between the SILCS FragMaps and
ligand functional groups of the same types. Analyses were also done for correlations
between experimental affinities computed from experimental ICs, data and LGFE
scores calculated from different conformational ensembles including those from
minimization, single dynamics, multidynamics, and SILCS-MC samplings. High
correlation was seen for the p38 system using the SILCS-MC approach. This earlier
study verified that SILCS can be used both qualitatively and quantitatively for drug
design on the p38 MAP kinase protein.

In another study [117], we tested the ability of the SSFEP and SILCS-MC
approaches to estimate relative binding affinities of known p38 MAP kinase inhibi-
tors and compared their performances with the traditional FEP method. Fifteen
chemical transformations with experimental relative binding affinity data for p38
MAP kinase were evaluated using the FEP, SSFEP, and SILCS-MC methods. The
GROMACS program [118] with the CHARMM force field was used to conduct all
MD simulations. FEP calculations were set up in solution and determined in the
protein environment for all evaluated transformations. For SSFEP, MD simulation
on each reference ligand was performed, and postprocessing of MD simulation data
of the reference ligand system was conducted to calculate free energy changes for
all transformations related to the reference ligand. For SILCS, simulations were
setup according to the GCMC/MD protocol [119, 120]. After the FragMaps was
generated, SILCS-MC samplings of each ligand in the presence of GFE grids were
performed to predict binding strength using either the lowest LGFE from the best
predicted binding mode or the average LGFE of all predicted binding modes. From
this study, better correlations between prediction and experimental data were
observed for SSFEP and SILCS-MC results with removal of one outlier when com-
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pared with FEP for p38, and results using the minimum LGFE from SILCS-MC
being the best.

In this study, we also tested the performance of SILCS-MC on a larger dataset for
p38 from the literature [121], which was also studied by Wang et al. using the more
expensive FEP+ method [122]. A similar level of correlation between prediction
and experimental data was seen for SILCS-MC when compared with the FEP+
method. However, SILCS-MC predictions yielded a larger number of correct results
with respect to the sign of the relative binding free energy changes than the FEP+
method. While both the SSFEP and SILCS-MC approaches require a significant
upfront computational investment, they offer a 1000-fold computational savings
over FEP for calculating the relative affinities of ligand modifications once those
precomputations are complete. The competitive results of SSFEP and SILCS-MC
indicate their ability to facilitate the drug optimization stage by screening many pos-
sible chemical modifications at cheap computational costs. As a proof-of-concept,
in this study we also applied SSFEP and SILCS-MC to the simulation data for the
p38 ligand L11, and relative free energy predictions on 147 chemical modifications
at 15 sites on the molecule were conducted in a matter of hours, yielding results on
a time scale that can lead the drug optimization process [117].

In a most recent study, the SILCS-MC method was extensively validated on sev-
eral protein systems including p38 [61]. Optimization of the SILCS-MC protocol
using a number of different scoring schemes and MC sampling protocols was
undertaken to further improve the predictive capability of the method. For the p38
system, inclusion of an ether-containing probe in SILCS and the resulting ether
FragMaps yield an increase in the predictability of the model since the entire set of
ligands contains ether oxygen-type atoms [121]. Another piece of knowledge gained
from this study is that the machine learning technique [123] can be used to further
optimize the scaling factors of individual contributing GFE energy terms in the
LGFE score. Once a set of lead compounds got confirmed, the FragMap weighting
factors can be trained to improve the predictive capability of the model and helps
with the design of new binders.

The p38 MAP kinase system was also used to validate the SILCS-Pharm method
[62, 63]. From the SILCS FragMaps of p38, pharmacophore features were deduced
within the catalytic-binding site. Pharmacophore features were then ranked based
on their FGFE scores, which is a sum over GFEs of all voxels composing the fea-
ture. For a given number of features, a pharmacophore model which contains the
highly ranked features was built and used in VS to check its performance. A phar-
macophore model for p38 that contains one hydrogen bond donor feature and two
hydrophobic features was found to outperform other docking results with a high
enrichment. This study proved the ability of the SILCS-Pharm method to guide
SBDD and its utility in rational drug design to identify binders when no known
compounds are available using a pharmacophore-based VS approach.
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P56 T Cell Tyrosine Kinase (Lck)

P56 T cell tyrosine kinase (Lck) is a kinase predominantly expressed in T lympho-
cytes where it plays a critical role in T-cell-mediated immune response [124]. It is
responsible for the phosphorylation of conserved tyrosine residues of the CD3
receptor called immunoreceptor tyrosine-based activation motifs (ITAMs), and
such phosphorylation serves as the first step required for T cell activation signaling
cascades leading to the expression of IL2 and the proliferation of T cells [125].
Thus, interruption of Lck-ITAM interaction offers the potential of suppressing
immune response and may help to find a therapeutic way for the treatment of T cell
leukemias and autoimmune diseases such as rheumatoid arthritis [124].

Lck participates in phosphotyrosine (pY) dependent protein-protein interactions
through its modular binding units, called Src homology-2 (SH2) domains [126].
And the most obvious feature to target is the pY binding pocket on the SH2 domain.
However, small compound binders targeting the pY pocket may lack specificity
since a large number of signaling proteins contain this motif. A previous study con-
ducted a phosphopeptide library screen and identified a preferred pY-containing
peptide binding sequence Ac-pY-E-E-I for the Lck SH2 domain [127]. Structural
analysis of the crystal structure revealed that the pY and Ile residues are bound to
two well-defined cavities that are referred as pY and pY+3 binding sites. Site muta-
tion studies of residues in the pY+3 binding site showed switched binding specific-
ity, indicating the pY+3 pocket is important for specific binding [128]. Thus, this
site represents a good candidate to target for identifying specific inhibitors of the
p56 Lck SH2 domain.

Accordingly, our lab performed CADD screening to identify small molecular
binders targeting the pY+3 site of the Lck SH2 domain [129]. Ligand identification
was targeted at an in-house database composed of two million commercially avail-
able compounds. Sphere sets, as required for the initial placement of the ligand
during docking using the DOCK program [54], were generated, and only spheres
within 6 A of the pY+3 binding site and within 3 A of the crystal location of the Ile
residue were selected for the VS. A phenolphosphate with assigned neutral charge
was maintained in the pY-binding site of the SH2 domain during the screening to
avoid docked compounds interacting with the pY pocket.

Docking again involved two steps going from two million to 25,000 in the first
round of screening, with compounds selected based on molecular-weight-normalized
VDW interaction energy, to two sets of 1000 compounds in the second round of
screening, which were based on the total interaction energy and the molecular—
weight-normalized total interaction energy, respectively. Both sets of selected com-
pounds were subjected to similarity-based clustering followed by selection of
compounds for bioassay tests from individual clusters according to the Lipinski’s
ROS. From this effort, 196 available compounds were purchased from commercial
vendors and were tested for their ability to inhibit p56 Lck SH2 domain association
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with phosphotyrosine containing C-terminal ITAM?2 peptide in an affinity precipita-
tion assay. Thirty-four compounds were shown to have activity in this assay, and 13
compounds were further verified to have inhibitory activity in a mixed lymphocyte
culture assay. Fluorescence titration experiments on four of these active compounds
verified their direct binding to the SH2 domain [129].

Based on this effort, our lab then conducted similarity searches on 12 lead com-
pounds against a database containing 1,300,000 commercially available compounds
to develop SAR and potentially identify compounds with improved activity [130].
The inhibitory activity of the selected compounds was assessed using enzyme
immunoassay (EIA). In general, the most active parent compounds yield the most
active similar compound even though there were cases that low activity parent
compounds yielded multiple similar compounds with high activities. This observa-
tion emphasized the importance of introduction of diversity when selecting com-
pounds for the first round of the bioassay test. For lead compound 276, based on
structural analysis of identified similar compounds that showed activity, it was con-
cluded that the heterocycle-amide-phenyl core moiety is important for the binding
of compounds from this series. And the presence of a furan ring linked to benzoic
acid moiety also facilitates activity, and an alternate functional group with acceptor
moieties can also help to enhance the inhibition. And based on docked binding ori-
entations of 276 series of compounds, protein residues K179, K182, and R184 of
the Lck SH2 domain were identified as important for inhibitor binding. All the
information obtained using CADD methods will be useful for further exploration
and optimization of Lck SH2 domain inhibitors [130].

Summary

In this chapter, basic concepts and typical methods for CADD are introduced with
real-life examples on how CADD methods can interact with experimental tech-
niques to help identify novel kinase inhibitors. With the development on both hard-
ware, e.g., more powerful computers equipped with enhanced graphic processing
units, and software, e.g., advanced artificial intelligence techniques, CADD tech-
niques are anticipated to be further enhanced with improved accuracy and efficiency
in the future to be better incorporated with experiments to expedite the drug design
process targeting kinase systems.
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A Toolbox of Structural Biology
and Enzyme Kinetics Reveals the Case
for ERK Docking Site Inhibition

Rachel M. Sammons and Kevin N. Dalby

Abstract Extracellular signal-regulated kinase (ERK) is a mitogen-activated pro-
tein kinase (MAPK) that mediates cellular processes such as proliferation, differen-
tiation, cell motility, and survival. Dysregulation of the ERK signaling pathway is
believed to have a protumorigenic role in many cancers, and studies also implicate
it in a variety of other proliferative diseases. Within the ERK signaling pathway,
protein-protein interactions via enzyme-docking sites help generate signal specific-
ity and direct ERK to subsequent binding partners or substrates. ERK possesses two
known docking sites that are distinct from its catalytic site: the D- and F- recruit-
ment sites (DRS and FRS). Over time, our group has characterized these sites
through a combination of structural and kinetic studies, including computational
and biochemical techniques, centering around a model ERK substrate EtsA138
(residues 1-138 of the transcription factor Ets-1). These studies are part of a grow-
ing effort to elucidate new insights into ERK signaling and to evaluate the role of
each binding site in specific ERK interactions. Furthermore, the development of
inhibitors that target these docking sites offers a way to impede both catalytic and
noncatalytic functions of ERK, which may provide therapeutic benefit in disease
states driven by ERK signaling. Here, we describe the features of the DRS and FRS
of ERK, their roles in the phosphorylation of EtsA138, and the status, mechanisms,
and implications of targeting these sites with inhibitors.
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ERK Overview

ERK1 and ERK2 constitute the endmost node of a three-tiered kinase phosphoryla-
tion cascade, transducing signals that are initiated by extracellular stimuli (e.g.,
cytokines and stresses) to culminate in the phosphorylation of at least 250 known
substrates in various subcellular compartments [1]. This MAPK signaling pathway
is stimulated by events such as ligands binding to receptor tyrosine kinases (RTKs)
at the cell surface, causing RTK dimerization and activation via autophosphoryla-
tion. The active RTKSs then recruit guanine nucleotide exchange factors and adaptor
proteins, such as SOS and Grb, that facilitate the activation of Ras. Ras activation
occurs upon its exchange of GDP for GTP. Active Ras leads to the phosphorylation
and subsequent dimerization and activation of Raf isoforms, initiating the three-
tiered MAPK phosphorylation cascade. Raf proteins (MAP 3Ks, or mitogen-
activated protein kinase kinase kinases) phosphorylate and activate MEK1 and
MEK?2 (MAP 2Ks, or mitogen-activated protein kinase kinases), which are dual-
specificity kinases that phosphorylate and activate ERK1 and ERK2. ERK pathway
signaling upstream of Raf typically occurs at the plasma membrane [2] while the
substrates of ERK are nuclear or extranuclear. Within the nucleus, ERK is respon-
sible for the phosphorylation of transcription factors that govern the induction of
genes involved in cell cycle progression, cell survival, differentiation, migration,
and a variety of other vital cellular processes. Accordingly, abnormal ERK signaling
is implicated in a wide array of pathologies, including cancers [3], neurological
disorders and diseases [4], cardiovascular diseases [5, 6], insulin resistance [7], kid-
ney diseases [8], and pulmonary diseases [9, 10]. As the critical arbiter of translating
upstream pathway activity into tightly regulated downstream signaling outcomes,
ERK is an attractive therapeutic target.

The two most-studied isoforms of ERK, ERK1 and ERK2, have a high sequence
(85% [11]) and structural similarity. The structure and mechanism of ERK2 have
been extensively characterized, so ERK2 is the focus of this discussion. However, it
is notable that isoform-specific cellular functions of ERK1 and ERK2 are unclear,
and the possible redundancy of their roles is a topic of significant discussion [12].
Studies suggest that ERK2 is often expressed at higher levels than ERK1 when
observed phenotypes appear to be ERK2-dependent although the ratio of ERK1/
ERK2 expression shows variation across different cell types and model systems [12].

Active ERK is a proline-directed serine/threonine protein kinase, catalyzing the
phosphorylation of serine or threonine residues on substrates that contain the target
sequence Ser/Thr-Pro (or preferentially, Pro-Xxx-Ser/Thr-Pro [13, 14]). In the
phosphorylation reaction at the active site of ERK, the y-phosphate of an ATP mol-
ecule is transferred to serine or threonine on the substrate by a single-step nucleo-
philic reaction with a dissociative transition state [15—17]. Figure 1 shows a model
of this reaction mechanism, including critical active site residues of ERK?2 that par-
ticipate in electrostatic interactions. These and other vital residues, along with struc-
tural components of ERK?2, are discussed in further detail below.
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Fig. 1 ERK2 reaction mechanism [15, 17, 18, 125]. The scheme here shows an example of phos-
phoryl transfer from ATP to serine or threonine of a substrate protein by ERK2. Some of the key
residues in the active site of ERK?2 that are responsible for stabilizing phosphoryl transfer and
coordination of magnesium ions are also depicted. Arrows symbolize the movement of electrons
and bond formation/breakage. Dashed lines indicate electrostatic interactions

Like most protein kinases, the tertiary structure of ERK2 consists of a small
N-terminal lobe (N-lobe) and a larger C-terminal lobe (C-lobe). The secondary
structure of ERK2 is also highly conserved among kinases (Fig. 2a) and is reviewed
in depth by R. Roskoski Jr. [18]. The N-lobe mainly consists of a five-stranded anti-
parallel p sheet (B1—p5) that aids in the binding and recognition of ATP [18]. The 1
and P2 strands are critical for interacting with the adenine base of ATP [18]. There
is also a short glycine-rich loop between the f1 and 2 sheets that communicates
with the - and y- phosphate groups of ATP to aid in cleavage of the y-phosphate
[18]. Additionally, Lys52 in the f3 sheet is known to facilitate ATP binding in addi-
tion to forming a salt bridge with Glu69 in the aC helix and the - and y- phosphates
of ATP that is necessary for full kinase activity (Fig. 2b) [18, 19]. Lys52 stabilizes
the reaction transition state and final products through these electrostatic interac-
tions and is essential for proper orientation of ATP in the active site [15, 19].

In contrast, the C-lobe is mostly a-helical but contains four B-strands (f6-$9)
where most of the catalytic residues are located [18]. The two most integral compo-
nents of this lobe are the catalytic loop and the activation segment (also referred to
as activation loop) (Fig. 2b). The activation segment starts with Asp165 (DFG
motif) and ends with Glu195 (APE motif) [18]. It occurs after the catalytic loop in
sequence and contains Thr183 and Tyr185, the two phosphorylation sites responsi-
ble for ERK2 activation. The activation loop is critical to substrate recognition and
regulation of ERK2 signaling. The primary residues in the catalytic core are Lys52,
Aspl147, and Asp165 of the DFG motif, which together comprise a K/D/D motif,
and His145, Argl46, and Aspl47 (first Asp of the K/D/D motif), which form a
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Fig.2 ERK?2 secondary structure and catalytic site [18, 23, 125]. (a) The structure of active ERK2
(PDB 2ERK [44]) is shown, including the glycine-rich loop (light green), the aC helix (teal),
p-sheets f1-p5 (magenta), the catalytic loop (orange), the activation segment (blue), -sheets 7
and B8 (yellow), the oE helix that forms part of the hydrophobic groove within the DRS (red), loop
16 (L16, dark green), the aG helix (gold), and the kinase insert domain with helices al1L.14 and
a2L14 (light orange). (b) A closer look at the key residues of the catalytic core, shown in pink. All
other colored secondary structures correspond to the scheme in part (a). The activation loop begins
with the DFG motif (Aspl165/Phel66/Gly167) and ends with the APE motif (A193/Pro194/
Glu195). It contains the TEY motif, Thr183/Glul84/Tyr285, where MEK 1/2 phosphorylate threo-
nine and tyrosine to activate ER2. The catalytic residues that are responsible for stabilizing transfer
of the y-phosphate of ATP to substrate serine/threonine residues, coordinating with Mg?*, and
electrostatic stabilization of the charged region of ATP/ADP are shown as well. These include the
catalytic HRD motif (His145/Arg146/Asp147) and the K/D/D motif (Lys52, Asp147 of the HRD
motif, and Asp165 of the DFG motif). The salt bridge between Lys52 of the K/D/D motif and
Glu69 of the aC helix is also shown as a red dotted line

catalytic HRD motif. (Fig. 2b) [18]. Asp147 is located in the catalytic loop and is
believed to be involved in the positioning of the substrate Ser/Thr sidechain hydroxyl
group (—OH) for nucleophilic attack of the ATP y-phosphate phosphorous atom [17,
18]. It is also believed that Asp147 acts as the catalytic base, accepting a proton
from the substrate Ser/Thr sidechain —OH group to activate it for a nucleophilic
reaction [15, 17]. Lys149 is involved in stabilization of the phosphoryl transfer reac-
tion and transition state, working together with Lys52 and the Mg?* ions coordinated
in the ATP-binding site [18]. Lys149 strongly interacts with the y-phosphate of ATP
and helps appropriately position it in the active site [15]. Asp165 is part of the acti-
vation segment and binds the two Mg?* ions that coordinate the phosphates of ATP
[18, 20]. Interestingly, models have predicted that ERK?2 activity and mechanism do
not significantly change if one or two magnesium ions are present in the active site
due to distribution of the extra negative charge [15]. However, other data show that
the second magnesium ion appears to be essential for full physiological ERK2
activity [20]. Magnesium ions are believed to have a regulatory influence on cellular
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ERK as ERK activity is thought to be susceptible to variations of free divalent mag-
nesium concentrations in cells [21].

ERK?2 is phosphorylated and activated by MEK1/2 on Thr183 and Tyr185 as
mentioned above. Phosphorylation of Thr183 and Tyr185, part of a Thr-Xxx-Tyr
motif in the activation segment (TEY for ERK2), is required for full activation of
ERK2 and is marked by a 600,000-fold increase in catalytic efficiency [22]. Inactive,
unphosphorylated ERK2 adopts a DFG-out conformation, such that the DFG motif
sidechains are pointing away from the active site, and the active site is open. When
Thr185/Tyr185 are phosphorylated, the activation segment undergoes a conforma-
tional change that extends the DFG motif toward the active site, and the active site
closes to position the key catalytic residues discussed above [23]. Recently, analy-
ses have suggested that accessible kinase conformations are more dynamic and
nuanced than the classical DFG-in or DFG-out categories. The DFG-in conforma-
tion is required but not sufficient for full kinase activity, which must involve proper
positioning of the aC helix, glycine-rich loop, and an extended activation loop to
facilitate substrate binding. These requirements support the existence of a variety of
inactive, intermediate kinase conformations that can share some (but not all) attri-
butes with the fully active conformation [24].

In order for ERK2 substrates to undergo efficient phosphorylation at specific
serine/threonine residues, they must possess a proline in the P + 1 position (where
P is the target phospho-site). The substrate P + 1 proline adopts a trans, a-helical
conformation and interacts with the phosphorylated Tyr185 of active ERK2, driving
the target serine/threonine into the hydrophobic pocket of the active site within an
appropriate distance of the ATP y-phosphate [15]. Other amino acid substitutions in
the P + 1 position are either too bulky or too flexible to optimally position the target
P site [15].

However, there are many Ser/Thr-directed kinases like ERK?2 that also recognize
their substrates by short consensus sequences, and in total at least 356 kinases that
phosphorylate their substrates on either threonine or serine residues [25]. It follows
that the catalytic core and activation segment are not the only locations on ERK?2
that are critical for facilitating binding interactions and catalysis. Additional distinct
and structurally diverse protein-protein interaction sites (PPIs) on kinases are
employed to promote recognition of specific substrates and binding partners. The
two main PPI sites on ERK2 are known as the D-recruitment site and the
F-recruitment site.

The D-Recruitment Site

The D-recruitment site (DRS) is distal to the active site on the surface of ERK2
(Fig. 3a). It is composed of a hydrophobic binding groove (@) flanked by two
domains: the ED domain (Thr157/Thr158 of ERK2) and a charged region known as
the common docking (CD) domain (®,), which contains the acidic residues
Asp316 and Asp319. All MAPKSs possess a DRS and a conserved @, region while
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Fig.3 The D-recruitment site and F-recruitment site of ERK2 [23, 52, 54]. (a) The D-recruitment
site (dark blue) and the catalytic region (light blue) of active ERK2 (PDB 2ERK [44]) are shown.
The stick structure of ATP is shown bound (aligned and superimposed in PyMol from 4GT3). Two
example peptides, D-site peptides, are shown bound to the DRS from HePTP (yellow, PDB 2GPH
[46]) and MEK?2 (light orange, PDB 4H3Q [126]). (b) Detailed view of the DRS (PDB 2ERK
[44]), showing the ED and CD domains in pink and the hydrophobic groove in yellow. The hydro-
phobic groove (®y,q) is separated into four subpockets that interact with ¢y, @1, @4, and @y residues
of different D-site consensus sequences [26, 27]. @, denotes the acidic CD domain. (¢) The key
residues of the FRS (green) are located between the active site (light blue, activation segment
shown in purple) of ERK2 and the kinase insert domain (light orange). When ERK2 (PDB 1ERK
[45], left panel) is inactive in the DFG-out conformation, the activation segment obscures the
FRS. When ERK2 is doubly phosphorylated (PDB 2ERK [44], right panel), the activation segment
undergoes a conformational change that exposes the hydrophobic FRS binding pocket

variability exists in ®yyq and the ED domain (ED in p38, SD in INK, TT in ERK1/2,
and EN in ERKY) that helps provide selective binding partner recognition. The
hydrophobic groove of the ERK2 DRS is formed in part by the oE helix, shown
earlier in Fig. 2a for reference. The DRS also contains a conserved cysteine residue
(Cys159 of ERK?2) that is solvent exposed and adjacent to the ED domain. The
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canonical motif that binds to the DRS of ERK2 is the D-site (also known as the
D-motif/domain, 5-domain, kinase-interacting motif (KIM), D box, or DEJL motif/
domain), which consists of the sequence (Arg/Lys), ;—X; ¢—@s—X—@p, Or, more
broadly, y,_3—X;_7—@a—X—@p, Where v is a basic residue, @, and @p are hydrophobic
residues, and X is any residue [26]. Many variations of D-site sequences exist as
well, allowing ERK2-binding partners to occupy the DRS by different binding
modes. For example, the DCC subtype of D-site, named for the transmembrane
protein ‘deleted in colorectal cancer,” docks with ERK2 according to the consensus
sequence (Arg/Lys); »—X, 4~ —Pro—X—@,—X—@g [27]. The hematopoietic protein
tyrosine phosphatase (HePTP) docks to ERK2 with a different subtype of D-site:
Py —X—X—(Arg/Lys)n) — Xs—pr—X—pr—X—@gp [27]. In these sequences, @y, Pr, Pa,
and g are hydrophobic residues that bind in different pockets within the hydropho-
bic groove as shown in Fig. 3b.

The DRS of ERK?2 interacts with many substrates, such as the transcription fac-
tors Ets-1[28, 29] and Elk-1 [30, 31], caspase-9 [32], and the kinases RSK1 [33, 34]
and MAPK-activated protein kinase MNK1 [35]. Phosphatases, like DUSP6 [35]
and HePTP [36], and activators of ERK (MEK1/2 [37]) also engage the DRS along
with scaffolding proteins such as PEA-15 [38, 39]. Many of these interactions influ-
ence the subcellular location of ERK. For example, DRS-mediated binding to the
scaffolding protein PEA-15 or MEK1/2 can mediate the localization of ERK to the
cytoplasm [40—43].

Many binding partners of ERK2 that utilize the DRS can bind both active and
inactive ERK2 as the DRS does not undergo significant conformational changes
upon dual phosphorylation of the activation segment. This structural conservation
of the DRS is apparent by comparison of the crystal structures of active (PDB 2ERK
[44]) and inactive (PDB 1ERK [45]) ERK2. In contrast, additional structures of
ERK2 obtained from crystallography have revealed that binding events at the DRS
can allosterically affect other structural features of ERK2. The crystal structure of a
D-site peptide derived from HePTP (**RLQERRGSNVALMLDV?'!) in complex
with inactive ERK2 showed that ERK2 undergoes conformational changes at the
CD domain, loop 16, the activation loop, the glycine-rich loop, the N-terminus, and
the MAPK insert that are distinct from both active and inactive ERK2 [46]. The CD
domain is located at the N-terminus of loop 16 (Fig. 2a), which connects the N- and
C-lobes and helps to stabilize the activation loop in active ERK2. Therefore, confor-
mational changes in the CD domain and DRS upon docking can possibly transfer to
the activation loop through loop 16. When ERK?2 is bound to the HePTP peptide, its
conformation represents an intermediate structure between fully active and inactive
ERK?2, more closely resembling active ERK2. In this conformation, Thr183/Tyr185
are solvent exposed and primed for modification. A crystal structure of ERK2 in
complex with a peptide derived from MEK2 showed similar results [46]. These
structures support that docking at the DRS can facilitate modifications of the

!"Underlined amino acid codes denote basic (y) and hydrophobic (¢, and @g) residues of the D-site
sequence.
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activation loop. A recent study found that two CD domain mutants (D319N and
E320K) caused significantly different structural and functional changes in ERK2
depending on if the residues were solvent-exposed (D319N) or buried (E320K)
[47]. This finding suggests that this compact region of negatively charged residues
experiences high-energy electrostatic repulsion which may explain how changes at
the DRS can thermodynamically drive alterations of other sites on ERK2 [47].
Changes in the MAPK insert and the activation loop of ERK2 upon DRS binding
also suggest that the DRS can allosterically affect the F-recruitment site, dis-
cussed below.

The F-Recruitment Site

ERK1/2 and p38a are known to have an additional distinct docking site, called the
F-recruitment site (FRS), which may be putatively found on ERKS as well [48-50].
This docking site is not known to be canonically present in JNK2 or the other p38
isoforms although JNK1 has been shown to possess an “FRS-like” site that engages
with activating kinases and phosphatases [51-53]. The FRS binds to proteins con-
taining the F-site consensus sequence Phe-Xxx-Phe-Pro (FXFP), also known as the
DEF motif (Docking site for ERK, EXFP) [30]. The FRS is located adjacent to the
active site and the MAPK insert. It consists of the critical hydrophobic residues
Mle196, Met197, Leul98, Tyr231, Leu232, Leu235, and Tyr261 [52, 54]. When
ERK is in its inactive conformation (DFG-out), the FRS is obscured by the activa-
tion segment, specifically by the residues Phel81 and Leul82 that are directly
N-terminal to Thr183/Tyr185 [52]. The hydrophobic cavity of the FRS forms after
the activation of the kinase when the activation segment adopts the DFG-in confor-
mation (Fig. 3c) [52]. In this conformational change, Phel81 and Leul82 travel
23 A away from the FRS [52], exposing the hydrophobic pocket.

The FRS of ERK is known to interact with several ERK substrates including
c-Fos [33, 34], Elk-1 [31, 55], Ets-1 [29, 56, 57], PEA-15 [40], and nucleoporins
[52], indicating it may play a role in the nuclear transport of ERK. The FRS also
mediates binding to the kinase suppressor of Ras 1 (KSR1) [30, 58]. KSR1 is a scaf-
fold protein that is known to localize ERK and other components of the ERK path-
way at the cell membrane in order to facilitate the phosphorylation cascade [58].
The fact that activation of ERK exposes the FRS suggests that its function is likely
associated with ERK interactions that occur postactivation while the D-site sub-
strates are often nondiscriminatory against active and inactive ERK2. Proteins with
F-sites can access the FRS by different binding modes in an analogous manner to
D-site/DRS interactions. For example, the FRS mutation L198A/LL235A disrupted
Elk-1 binding but not GST-nup153c binding. Here, GST-nup153c is a GST-tagged
and truncated construct of nucleoporin 153 that contains 18 Phe-Xxx-Phe sequences
[52]. Therefore, these different binding modes at the FRS offer an additional level
of protein recognition.
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Docking Sites in Catalysis

Knowing that there are many variations in docking motif sequences, it follows that
identifying substrates that use the DRS and FRS through atypical interactions can
be difficult. Furthermore, substrates can utilize different combinations of docking
sequences and sites on ERK2 and can access these sites using different binding
modes. Therefore, the roles of the DRS and FRS in the mechanism of phosphoryla-
tion of a particular substrate can be complex. Here, we illustrate an example of how
we have used a combination of structural studies and kinetics to determine how the
ERK2 substrate Ets-1 interacts with docking sites during catalysis.

The Story of Ets-1

Steady-State Kinetics

In order to investigate the mechanism of ERK2, our group expressed and purified
the N-terminal 138 residues of the transcription factor Ets-1 (EtsA138) as a model
substrate [59]. ERK2 singly phosphorylates EtsA138 at Thr38. By measuring the
initial rates of reaction for different concentrations of EtsA138 and MgATP?*-, we
found that the bi-reactant kinetic model conformed to a random-ordered sequential
binding mechanism for the formation of a ternary complex (Fig. 4a). In this model,
both EtsA138 and MgATP?~ have unrestrained access to the active site, and we did
not make assumptions regarding the use of docking sites by EtsA138 [60]. The cata-
lytic parameters for this simplified steady-state model are defined according to
Eq. 1 below, in the absence of products [61]:

o ke [A][B] M
" KK+ Ko [A]+ K, [B]+[A][B]

Here, k. is the observed reaction rate constant, k., is the catalytic constant (or turn-
over number), and [A] and [B] are the concentrations of the two substrates, A and B
(EtsA138 and MgATP*). K, is the Michaelis constant for B when [A] is saturating
and, similarly, K., is the Michaelis constant for A when [B] is saturating. K, is the
dissociation constant of A in the absence of B. It followed from this analysis that
keaw =17 871, Kigs.1y = 9.3 pM, Kj(arp) = 68 M, K.y = 19 pM, and Ky arpy = 140 pM
[59]. These data revealed that EtsA138 phosphorylation by ERK?2 is highly effi-
cient; therefore, EtsA138 is a good model substrate for investigating ERK2.
Empirical evidence from past studies and other research groups suggested that
EtsA138 binding involves more than just the active site of ERK?2 [30, 62]. Elk-1,
another ERK?2 substrate in the ETS family of transcription factors, had been found
to dock to ERK?2 via a D-site and to also possess an FXFP site [30]. Like Elk-1,
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Fig.4 Evolution of the Ets-1 phosphorylation mechanism. Schemes show ERK2 (E) reaction with
EtsA138 (Ets) and ATP to yield phosphorylated EtsA138 (pEts) and ADP. (a) Initial steady-state
kinetics fit the model of a random-ordered sequential mechanism and the formation of a ternary
complex. k., is the catalytic constant, and kg is the apparent rate constant for product release. The
shorthand for this mechanism is shown at the top of the panel [59]. (b) Further steady-state kinetics
experiments suggested a docking site was involved in Ets phosphorylation [60]. The top path
shows initial binding (red segment of Ets illustration) at the docking site of ERK2 (deemed to be
the most likely pathway), and the bottom path shows initial binding at the active site. The values k,
and k_,, where n indicates the reaction pathway step, indicate rate constants for forward and reverse
reactions steps, respectively. (¢) Presteady-state kinetics experiments resulted in a model with two
partial rate limiting steps: rapid Ets phosphorylation (k3;) and product release (k_app and k_g,) [63,
64]. Docking segments of Ets are illustrated in red while Thr38 is shown in cyan and phospho-
Thr38 is shown in orange. The first step shows docking site engagement, and the second step
shows active site binding. The third and fourth steps show phosphorylation of Ets, followed by
disengagement from the active site binding. The remaining steps indicate random-ordered product
release

Ets-1 contains a pointed (pnt) domain and encompasses several putative DEJL
docking sequences, or D-sites, such as’’ KTEKVDLEL?* (see footnote 1) [60] and
IKECFLELAPDF'? (see footnote 1) [28]. Particularly, Seidel & Graves (2002)
identified Leull4, Leull6, and Phel20 as composing a potential docking inter-
face [62].

We carried out full steady-state kinetic studies of the ERK2/EtsA 138 reaction in
the presence of the reaction products, phosphorylated EtsA138 (p-EtsA138) and
MgADP-, to investigate the possibility of a docking interaction [60]. P-EtsA138
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was found to be a competitive inhibitor against EtsA138 and a mixed inhibitor with
respect to MgATP?~. Similarly, MgADP~ was competitive with respect to MgATP*~
and a mixed inhibitor against EtsA138. These observations supported the likelihood
of a docking interaction and the consequential possibility of two ternary complexes,
as shown in Fig. 4b, where binding initially occurs at either the active site or a dock-
ing site. However, the product inhibition observed for p-EtsA138 suggested that the
phosphorylation consensus sequence of Ets-1 contributes little to the stability of the
complex, so the transient docking interaction (upper pathway of Fig. 4b) was
deemed the most likely productive enzyme/substrate encounter.

Presteady-State Kinetics

To further investigate the mechanism of EtsA138 phosphorylation by ERK2, we
conducted a presteady-state kinetic analysis of the reaction using a rapid quench-
flow apparatus [63]. The burst phase of the presteady-state reaction indicated two
partially rate-limiting steps: rapid phosphorylation of EtsA138 and product release
from ERK2. These steps have first-order rate constants of 109 +9 s~'and 56 +4 57!,
respectively [63]. Phosphoryl transfer occurs once EtsA 138 and MgATP?~ are both
bound to ERK2. Rapid quench-flow and stopped-flow experiments were also used
to further assess product release, with MgADP~ and p-EtsA138 forming and dis-
sociating from abortive complexes with ERK2 [64]. Two abortive complexes can
form during the reaction due to product inhibition: ERK2-EtsA138-ADP and
ERK2-p-EtsA138-ATP. P-EtsA138 and ADP dissociate from ERK2 in random order
and have little energetic interaction with one another (Fig. 4c¢). Rapid quench-flow
data showed that ADP dissociates from ERK2 with a rate constant of 61 + 12 s
while p- EtsA138 dissociates with a rate constant of 121 + 3.8 s! (Fig. 4c) [64].
This observation validated ADP dissociation as a partial rate-limiting step, suggest-
ing that Ets-1 has evolved to approach maximal catalytic efficiency. P-EtsA138 was
found to bind to ERK?2 20-fold more tightly than ADP with dissociation constants
of approximately 7.3 and 165 pM, respectively [64]. The dissociation constants of
p-EtsA138 and EtsA138 were very similar, further supporting the idea that the
phosphorylation site sequence is not involved in complex stability. This notion indi-
cated a mechanism of “proximity-induced catalysis” in which docking interactions
outside of the active site facilitate substrate phosphorylation [65].

Mutational Studies

At this point, we knew little about Ets-1 docking to ERK2 or the relationship
between potential docking events and the ERK2 active site. To examine the binding
interactions of Ets-1 with ERK2, we began taking a combined kinetic and structural
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approach by implementing mutational studies. We first investigated a mutant of
Phel120 (F120A) which is an EtsA138 residue implicated in a docking interface
between ERK2 and Ets-1 [62]. We confirmed earlier data [62] that F120A reduced
the specificity constant (k.,/K,,) for the reaction by ~20 fold and found that F120A
reduced the binding affinity of EtsA138 for ERK2 by ten-fold as compared to wild-
type EtsA138 [57, 63, 65]. F120A is located in the globular pnt domain of EtsA138
and was found to not affect the catalytic rate constant (k) (see Eq. 1) for the reac-
tion when compared to wildtype EtsA138. Therefore, the mutation was predicted to
primarily affect the stability of initial EtsA138 binding by interfering with a dock-
ing interaction. In further agreement with the proximity-induced catalysis model
discussed above, mutations of the TP phosphorylation consensus motif (Pro39 to
Asp, Arg, Val, Gly, Ala, Glu, and T38A/P39A) did not significantly alter the ability
of EtsA138 to bind ERK?2 [57, 65].

Ets-1 lacks canonical D-site and F-site sequences, but a peptide derived from the
D-site of Elk-1 displaced EtsA138 from active and inactive ERK2 while a peptide
based on the F-site of Elk-1 displaced EtsA138 from active ERK2 [57]. The pnt
domain of Ets-1 (Ets A51-138) bound to ERK2 with similar affinity to the
N-terminal domain of Ets-1 (EtsA1-52). This observation led to a model whereby
ERK2 binds to two docking sequences on EtsA138 where the pnt domain was pre-
dicted to interact at the substrate binding groove and the N-terminal tail was pre-
dicted to bind the DRS. Knowing that the FRS pocket is inaccessible on inactive
ERK2, and yet ERK?2 binds EtsA 138 with similar affinity regardless of its activation
state, we ascertained that an allosteric effect of the F-site peptide could cause it to
interfere with EtsA138 binding.

Cysteine footprinting was then used to identify the ERK2 DRS residues that
interact with EtsA138 [28]. In this technique, ERK2 was first rendered ‘“cysteine
less” by mutation of cysteine residues to either Ala, Ser, or Leu, and then the DRS
residues were systematically mutated to cysteines. We then measured the ability of
EtsA 138 to protect the DRS cysteine mutants from alkylation. EtsA138 protected
QI117C,L113C, L119C, and H123C from alkylation, indicating that EtsA 138 phys-
ically obscures these DRS residues and they may be critical for binding.

Structural Insights

To further support the kinetic data and mutational studies, we performed a series of
computational modeling studies to explore Ets-1 binding to ERK2. This modeling
was critical as no crystal structures of Ets-1 in complex with ERK?2 exist to date.
Initially, a molecular modeling simulation was performed to dock only the pnt
domain of Ets (A29-138, PDB 2JV3) onto ERK?2 [64]. These results predicted that
the sterile alpha motif (SAM) within the pnt domain interacted with aG helix
(Fig. 2a) of the MAPK insert/FRS region of ERK?2, providing our first indication
that the FRS is involved in Ets-1 binding [64]. We then modeled the N-terminus
(EtsA1-40) and combined this data with the pnt domain model to generate the first
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full structural model of the EtsA138/ERK2 complex [29]. From this model,
OTLTIKT' of EtsA138 was predicted to interact in the @y, region of the DRS with
high flexibility. Therefore, the computational model suggested that both the DRS
and the FRS contribute to positioning Thr38 near the ERK?2 active site.

NMR studies were conducted to further develop and support the EtsA138/ERK?2
binding model. In the first of these studies, backbone resonances were assigned to
the residues of inactive ERK?2, and perturbations of these resonances, or chemical
shifts, were measured in the presence of EtsA138 [66, 67]. These chemical shift
perturbations indicated the residues of ERK2 that are either directly engaged by
EtsA138 or allosterically affected by EtsA138 binding. EtsA 138 was found to inter-
act with the DRS of inactive ERK?2 at @, 4 (including residues Leul13, Leul55, and
Tyr126) but not at ®,, consistent with the computational modeling discussed
above. EtsA 138 also induced chemical shift perturbations in the FRS at the «2L.14
helix, the aG helix (which contains the residues Tyr231 and Leu232 of the FRS),
and the key FRS residue Tyr261. These data suggested that EtsA138 engages the
FRS either directly or allosterically, but our computational model of the
ERK2-EtsA138 complex and the competitive displacement of EtsA138 (and
EtsA138 lacking N-terminal 1-24) by an F-site ligand supports the former. NMR
data also showed that D-site ligands induced disruption of the B5 strand and linker
between the N- and C- lobes, in line with the allosteric remodeling of the catalytic
site that had been previously detected by crystal structures of ERK2 with D-site
ligands [46]. Strict D-site ligands, however, did not cause chemical shift perturba-
tions in the FRS. This observation suggested that EtsA 138 and other ERK2-binding
proteins with noncanonical docking site motifs may access different binding modes
or cause different allosteric changes in ERK2.

In a follow-up study, Piserchio et al. evaluated the chemical shift perturbations of
EtsA 138 upon binding to ERK?2 in order to validate the interactions that were sug-
gested by ERK2 NMR data [56]. As expected, the N-terminal domain of EtsA138 is
predominantly disordered before and after binding although a segment (Pro9-Ile14)
that resembles the @,—X—@p motif of the canonical D-site sequence contacted the
®y,q region of the DRS. These residues were in line with predictions from our previ-
ous computational studies [29]. Other residues of the N-terminal portion of EtsA 138
appear to engage the DRS transiently. In contrast, the C-terminal pnt domain of
EtsA 138 forms a rigid-body interaction with a region of the FRS, marked by Phe120
interaction with Tyr261 and Leu262 of ERK2 [66]. When comparing EtsA138
chemical shifts when bound to active versus inactive ERK2, Thr38 undergoes a
significant perturbation along with the HO helix of EtsA138 and areas around where
F120 contacts the FRS. These chemical shift perturbations are reflective of the repo-
sitioning of Thr38 for catalysis. The proline of the P + 1 position (Pro39) was found
to be critical for EtsA138 phosphorylation, in line with the mechanism of ERK2
discussed earlier in this review. The positioning of *¥TP* by docking interactions
was estimated to result in phosphorylation in up to 40% of molecular collisions
[56]. Displacement of ¥TP* using alanine spacers lowers k., values for ERK2,
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indicating the importance of optimal positioning of phosphorylation motifs that are
provided by docking interactions.

Altogether, we have used a combination of mutational studies, kinetics, compu-
tational modeling, and NMR spectroscopy to evolve a detailed model of the mecha-
nism of EtsA138 phosphorylation by ERK2. Though EtsA138 does not engage
ERK2 through canonical D-site or F-site interactions, it utilizes both the DRS and
FRS to increase productive encounters between its phosphorylation sequence and
the catalytic site of ERK2.

Mechanisms of Docking Site Inhibition

Reversible Inhibition

Through the understanding of the role of the DRS and FRS in the mechanism of
ERK?2 that we have learned from studying Ets-1 phosphorylation, we can explore
the effects of blocking these sites using peptide and small-molecule ligands. Kinase
inhibitors that block substrate or other protein interactions are garnering attention,
especially in the field of cancer drug discovery and development. This approach
targets the molecular recognition requirement of the kinase mechanism discussed
above, rather than the catalytic machinery of ERK itself, which allows for specific
and selective manipulation of ERK signaling by avoiding ATP competition.

Here, we use an example of peptide ligands that engage the DRS and FRS of
ERK?2 as an illustration of the potential effects that docking site inhibitors can have
on the mechanism of ERK2. We designed two peptides, Lig-D (FQRKTLQ-
RRNLKGLNLNL (see footnote 1) derived from the D-site of yeast Ste7) and Lig-F
(YAPRAPAKLAFQFPSR? from the F-site of mRNA export factor MEX67) that
bind exclusively to the DRS and FRS of ERK?2, respectively [29]. We then tested the
ability of these peptides to inhibit EtsA138 phosphorylation by varying EtsA138
and ligand concentrations and measuring steady-state rates of reaction. Lig-D mani-
fested as a nonlinear (hyperbolic) mixed-type inhibitor of EtsA138 phosphoryla-
tion. Mixed inhibition is described by Eq. 2 below [29]:
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2Underlined residues correspond to the F-site sequence FXFP
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Here, [S] is the concentration of substrate S, [I] is the concentration of inhibitor I,
K™ is the apparent Michaelis constant for substrate S (in this case, EtsA138),
a K™ is the apparent uncompetitive inhibition constant for inhibitor I, and Sk2X" is
the apparent catalytic constant for the enzyme-inhibitor complex. This mechanism
is shown in Fig. 5a where a = 8 and § = 1 [29]. Lig-D is a partial inhibitor of
EtsA 138 phosphorylation and thus has limited influence on k., while increasing K,

which accounts for the observed nonlinear behavior. This behavior can be attributed
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Fig. 5 Effects of docking site inhibitors on substrate phosphorylation [29, 81, 101]. In each case,
enzyme (E) reacts with substrate (S) to yield product (P) or is inhibited by ligand (I). (a) Mechanism
for mixed inhibition (hyperbolic). K is the dissociation constant for substrate S, aK is the apparent
Michaelis constant for substrate S, aK; is the apparent uncompetitive inhibition constant for inhibi-
tor I, k., is the catalytic constant, and fk, is the apparent catalytic constant for the enzyme-
inhibitor complex. In the case of Lig-D inhibition of EtsA138 phosphorylation, a = 8 and =1
[29]. (b) Model for linear competitive inhibition as in the case of Lig-F inhibition of EtsA138
phosphorylation. K and k, are defined as in part (a). (¢) Model for two-step covalent inhibition.
K; is the inhibition constant, or the concentration of inhibitor required to reach the half-maximal
rate of enzyme inactivation, and ki, is the maximal rate constant of enzyme inactivation
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to the binding of the pnt domain to the FRS being largely unaffected by the Lig-D
interaction.

On the other hand, Lig-F exhibited linear competitive inhibition of EtsA138
phosphorylation and an increase in K,,, as shown in Fig. 5b. This information indi-
cated that Lig-F binding to the FRS was sufficient in this case to fully displace
EtsA138. Linear competitive inhibition shown in Fig. 5b can be described by Eq. 3
below where K™ is the apparent competitive inhibition constant for inhibitor (I).
k&R [s]

cat

"k (1] k)

3)

Together, these examples show that a docking site inhibitor (1) may be fully
competitive against ERK substrates, (2) may partially inhibit phosphorylation of
substrates that bind to more than one region (mixed inhibition), or (3) may leave
substrates that dock at other sites unaffected. However, this does not rule out the
likelihood of allosteric communication between an inhibitor bound at the DRS or
FRS and the active site. As discussed earlier, the occupation of the DRS can induce
large conformational changes in the activation segment of ERK2 and can also affect
the MAPK insert [23, 46]. This knowledge suggests that the binding of an inhibitor
at the DRS could potentially affect substrate binding or other interactions that
involve residues near the activation segment and the FRS. The FRS and active site
are adjacent and are conformationally linked as indicated by the exposure of the
FRS upon phosphorylation of the activation segment. Targeting the activation seg-
ment with inhibitors is expected to affect the FRS and vice versa. In 2012, Kummer
et al. identified two designed ankyrin repeat proteins (DARPins) that selectively
bind and inhibit either active (doubly phosphorylated) or inactive ERK?2 [68]. The
DARPins bind mainly to the activation loop of ERK2 and adjacent regions, recog-
nizing the conformational changes that occur upon phosphorylation of Thr183 and
Tyr185. The regions where the DARPins make contact with ERK?2 also encompass
the key hydrophobic residues of the FRS, specifically Tyr231. This example not
only illustrates the relationship between the FRS and the catalytic core of ERK2, but
it also suggests that targeting the FRS with inhibitors provides an opportunity to
selectively inhibit active ERK2.

In cases where ERK?2 substrates can undergo multisite phosphorylation, docking
site inhibitors can affect the observed rates of phosphorylation of different individ-
ual sites on a substrate that can regulate its activation or deactivation. Time-resolved
NMR of Elk-1 phosphorylation showed that competition between docking motifs
promoted different rates of phosphorylation of eight sites in the Elk-1 transcrip-
tional activation domain, termed fast, intermediate, and slow sites based on their
relative phosphorylation rates [69]. Phosphorylation of fast and intermediate sites
on Elk-1 drove recruitment of the mediator coactivator complex and transcriptional
activation while continued phosphorylation of slow sites promoted inactivation and
limited Elk-1 transcriptional output [69]. Blocking DRS and FRS interactions by
deleting the D-site or F-site on Elk-1 differentially affected the rates of
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phosphorylation at each phospho-site by ERK2. Thus, docking site inhibitors can
potentially alter the accessibility of different phosphorylation sites either by block-
ing binding or by altering reaction rates.

Covalent Inhibition

Docking sites may be targeted by irreversible covalent inhibitors, provided they
possess a solvent-exposed amino acid side chain that can function as a nucleophile.
An example of such a residue is Cys179/Cys159, located adjacent to the ED domain
in the DRS of ERK /2. Development of covalent inhibitors for therapeutic purposes
has long been met with concern for a variety of reasons, including toxicity, off-
target reactivity, and haptenization [70, 71]. However, the benefits of covalent inhi-
bition, including extended duration of action and high potency, can outweigh these
risks with careful inhibitor design.

Irreversible covalent inhibitors can be interpreted as nonsubstrate-competitive
regardless of their target location on functionally relevant enzyme surfaces since
they can inherently overcome high substrate concentrations and affinities over time
[71, 72]. Therefore, the duration of action of selective covalent inhibitors is theoreti-
cally limited by the half-life of their target protein in cells, which is more than 50 h
for ERK1/2 [73]. This long turnover time suggests that covalent inhibitors can also
potentially overcome issues with signaling pathway feedback mechanisms and
acquired resistance in response to reversible targeted kinase inhibition [74-76].
Feedback activation of ERK through upregulation of the expression and activity of
upstream pathway members can often occur in response to ERK inhibition.
Reversible inhibitors can be displaced by shifts in equilibria of ERK activators and
deactivators due to feedback signaling, or by increased expression of ERK sub-
strates, while irreversible inhibitors are not vulnerable to such competitive displace-
ment. The same principle illustrates how covalent ERK inhibitors can potentially
overcome specific resistance mechanisms to inhibitors of upstream pathway com-
ponents. In BRAF-V600E mutant melanoma, for example, resistance mechanisms
to clinical ERK pathway inhibitors can culminate in increased signaling flux through
the pathway, which overwhelms and outcompetes reversible inhibition to drive
ERK reactivation [77, 78]. Irreversible covalent ERK inhibitors may also be capable
of achieving complete inhibition of ERK, which may be necessary for inhibiting
phenotypes associated with ERK activity [79].

Irreversible inhibitor design must involve a balance of reactivity and selectivity
[70]. This balance requires an inhibitor that acts via a two-step model, involving
initial reversible binding and a subsequent irreversible reaction step. Figure 5c illus-
trates this type of inhibitor mechanism, and the two-step covalent modification can
be modeled using Eq. 4 [80, 81] below, assuming 1:1 enzyme/inhibitor
stoichiometry.
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k _ kinact [I] (4)
K +[1]

In this model, k,, is described by the inhibitor concentration [I] and two param-
eters: the inhibition constant Kj, or the concentration of inhibitor required to reach
the half-maximal rate of enzyme inactivation, and k;,,., or the maximal rate constant
of enzyme inactivation. K is a descriptor of the inhibitor binding step although it is
analogous to the Michaelis constant (K,) in the basic Michaelis-Menten model and
is, therefore, not the true binding affinity of the inhibitor. The rate constant ki, is
considered a metric of inhibitor reactivity and describes the second step of Fig. 5c
where irreversible adduct formation occurs between the inhibitor and enzyme.
Given sufficient time to react under ideal conditions, irreversible inhibitors will
inactivate an enzyme with 1:1 stoichiometry, thus rendering them indistinguishable
from one another at such endpoints. Therefore, it is necessary to characterize cova-
lent inhibitors in terms of the kinetic parameters Kj and k;,,. rather than conven-
tional measures of inhibition like ICs, values.? Unlike ICs, values, these parameters
are independent of reaction conditions.

Noncatalytic Effects

The implications of docking site inhibitors can reach far beyond direct effects on
ERK catalysis. Numerous studies show that ERK has noncatalytic functions that are
involved in regulatory interactions and signaling events. One key to these noncata-
Iytic functions appears to be the conformation of the activation loop of ERK, which,
as we have discussed here, can be altered by docking site interactions. In an early
study in yeast, Bardwell et al. (1998) found that inactive Kss1 (ERK) can directly
bind to the transcription factor Stel2 in yeast, leading to the inhibition of invasive
filamentous growth [82]. They showed that activation of Kss1 by Ste7 (MEK) and
the concomitant change in activation loop conformation alleviated this transcrip-
tional repression without the requirement of Kss1 catalytic activity. They identified
Tyr231 of Kssl as a critical residue involved in Stel2 binding. Tyr231 in Kss1 cor-
responds to Tyr231 of the FRS of mammalian ERK2 and also forms a hydrogen
bond with glutamate in the TEY motif of the activation segment of inactive Kss1.
In another study, Camps et al. found that direct binding of ERK2 to DUSP6
resulted in the activation of DUSP6, and this activation was allosteric and indepen-
dent of ERK2 kinase activity [83]. They found that the sevenmaker mutant of ERK2,
D319N, which is located in the DRS, prevented this allosteric activation of DUSP6.

31Cs values are concentrations of an antagonist molecule that are required to observe a half-max-
imal inhibitory effect. These measurements are dependent on enzyme concentration, presence of
competitive substrates, and duration of exposure to enzyme (if the inhibitors are time-dependent
enzyme inactivators).
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Hari et al. (2014) found that ATP-site inhibitors that trap the ERK?2 activation loop
in the inactive DFG-out conformation can prevent the noncatalytic activation of
DUSP6 by ERK?2 while inhibitors that trap ERK2 in the DFG-in conformation do
not [84]. Together, these results show that the DRS and the activation loop, which
can be influenced by interactions at both DRS and FRS residues, are critical for
DUSP6 activation by ERK2.

The kinase-independent functions of ERK2 also include transcriptional repres-
sion of INFy-responsive genes by direct binding to the promoter region sequence
GAAAC [85]. This binding was found by mutational studies to involve positively
charged residues within Lys257-Arg275 of ERK2, located within the MAPK insert
domain and a2L14 ERK2 [85]. This binding sequence includes the FRS residue
Tyr261 and is nearby other FRS residues as well. ERK1/2 can also competitively
displace retinoblastoma protein (pRb) from lamin-A to promote cell cycle entry in
a kinase-independent manner [86]. ERK can also activate PARP1 and topoisomer-
ase oll regardless of kinase activity [87, 88]. However, ERK must be phosphory-
lated and in the active conformation in order to activate both PARP1 and
topoisomerase all.

As discussed earlier, docking sites on ERK are also involved in subcellular local-
ization and scaffolding interactions that influence ERK activity but do not necessar-
ily involve the catalytic apparatus of ERK. As mentioned earlier, MEK, PEA-15,
KSR1, and nucleoporin binding all involve ERK docking sites and influence ERK
transport/localization [38—43, 58]. Our studies indicate that ERK2 can bind PEA-15
and Ets-1 with affinities that do not significantly change with activation state, which
is suggestive of noncatalytic ERK functions [38, 39, 57]. Therefore, it is essential to
consider the effects of docking site inhibitors on ERK interactions that do not
involve direct catalytic activity of ERK, whether these interactions directly involve
the docking sites or are influenced by allosteric effects of the inhibitors.

Docking Site Inhibitor Development

Current DRS Inhibitors

Just as proteins can utilize different binding modes at the DRS, subgroups can also
classify inhibitors of ERK that target the DRS based on their localized binding
mode within the docking site. Current known DRS inhibitors engage mainly with
residues at either the CD domain, the ED domain, and/or the hydrophobic dock-
ing groove.
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Hydrophobic Groove and CD Domain Inhibitors

Hancock et al. (2005) discovered the first low-molecular-weight DRS-targeted ERK
inhibitors through computer-aided drug design (CADD) and in silico screening
using the hydrophobic cleft formed between the CD and ED domains on inactive
ERK2 as an initial location for ligand placement [89]. Figure 6 shows two of the
compounds resulting from this screening (compound 1.1 and 1.2). Both of these
compounds were confirmed to bind to ERK2 in vitro by fluorescence quenching
assays with dissociation constants of approximately 5 pM. Treatment of HeLa cells
with these compounds at 100 pM showed significant inhibition of the downstream
ERK2 target RSK1 (1.1: ~50% inhibition, 1.2: 20-25% inhibition), and compound
1.1 inhibited Elk-1 phosphorylation. Both RSK1 and Elk-1 are known to interact at
the DRS as mentioned earlier. Compounds 1.1 and 1.2 also inhibited colony forma-
tion of several cancer cell lines by 50% at concentrations of approximately
15-25 pM. Computational docking of the compounds predicted that they both bind
in the hydrophobic cleft of the DRS between the CD and ED domains and are within
hydrogen-bonding distance of the CD domain aspartate residues.

The same research group performed an analogous in silico screening of active
ERK2 to identify compounds that could potentially select for subtle conformational
or flexibility differences in the DRS of the active versus the inactive enzyme [90].
Though the crystal structures of active (1ERK) and inactive (2ERK) ERK2 do not
show significant structural differences in the DRS, they were able to identify new
compounds that target active ERK2 but were not hits in their original screen of inac-
tive ERK2. Figure 6 shows three of these compounds (compounds 1.3, 1.4, and 1.5).
These compounds were shown to directly bind to ERK2 in vitro with dissociation
constants of 13-20 pM. Compound 1.3 exhibited the most potent overall inhibition
of phosphorylation of downstream ERK targets and proliferation in cells.
Interestingly, some of the hit compounds showed differential effects on Elk-1 and
RSKI1 phosphorylation in cells, consistent with the possibility for different binding
modes of the two substrates and/or the compounds themselves.

In further studies stemming from these reports, compound 1.1 was further opti-
mized by virtual screening of analogs (Boston et al.) [91] and synthetic chemistry to
evaluate structure-activity relationship [92, 93]. The inhibitors identified by Boston
et al. activated the intrinsic apoptosis pathway in cells, inhibiting proliferation and
phosphorylation of caspase-9, RSK1, and Bad, which is downstream of RSK1 [91].
The compounds also showed the potential to preferentially target transformed cells
over nontransformed cells. Furthermore, compound 1.1 was tested in a human lym-
phoma xenograft model and exhibited antitumor activity [94].

Other screenings have been performed to identify compounds that interact at the
CD domain of the DRS. Kinoshita et al. used in silico methods to identify inhibitors
1.6 and 1.7 in Fig. 6, and this inhibition was confirmed by a biochemical assay that
detected competitive displacement of a D-site peptide from the DRS [95]. Through
computational docking, the authors predicted that these two compounds mainly
interact with the “negative charge pool” (CD domain) of the DRS though they dis-
play no highly basic moieties.
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Fig. 6 Inhibitors that target the DRS and FRS of ERK. The compounds shown in this table are
examples of docking site inhibitors. Compounds in green are reversible inhibitors that target the
hydrophobic groove and CD domain of the DRS, identified using CADD and in silico screening
[89, 90]. Compounds in pink are reversible CD domain inhibitors identified by in silico methods
[95]. Compounds in blue are reversible hydrophobic groove/CD domain inhibitors identified by a
high-throughput biochemical screen [96]. Also shown are a reversible FRS inhibitor [99] and a
covalent inhibitor of the DRS ED domain [97]. Available ICs, or dissociation constant (K,) values
are shown for active and inactive ERK2, respectively. K; and ki, for the covalent inhibitor are
given against active ERK2. n/a not available. *C5 carbon, site of nucleophilic addition on BI-78D3
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In contrast to the in silico screening methods used in the studies above, we devel-
oped a high-throughput biochemical screen to identify inhibitors that targeted the
DRS using fluorescence anisotropy. As a competitive binding probe, we employed
the peptide Lig-D that we previously used to characterize the roles of the DRS and
FRS in Ets-1 phosphorylation [29]. By linking the fluorophore FITC (fluorescein
isothiocyanate) to this peptide and allowing it to bind to ERK2, small molecules that
target the DRS can be identified by the change in anisotropy signal upon displace-
ment of the fluorescent peptide. Two hit compounds from this screening, 2507-1
and 2507-8, are shown in Fig. 6 [96]. All of the most potent compounds identified
from the screening contain arginine-like moieties that we predicted would interact
with the aspartate residues of the CD domain. NMR spectroscopy and an X-ray
crystal structure of 2507-8 in complex with ERK?2 confirmed that this was a critical
interaction. The crystal structure revealed interactions between 2507-8 and key
hydrophobic residues of the DRS as well. Furthermore, 2507-1 was found to
potently inhibit EtsA 138 phosphorylation in the same manner as previously reported
for Lig-D [29] (Fig. 5a). 2507-1 also inhibited in vitro activation of ERK2 by
MKKI1G7B (a constitutively active MEK1 mutant [60]), consistent with MEK1/2
docking at the DRS.

ED Domain Inhibitors

Not all inhibitors of the DRS must interact with the CD domain. For example, we
have identified BI-78D3 as an irreversible, covalent inhibitor of the DRS of ERK1
and ERK2 [97]. Stebbins et al. initially reported BI-78D3 (Fig. 6) in 2008 as a weak,
reversible inhibitor of the interaction between c-Jun N-terminal kinase 1 (JNKI1)
and JNK-interacting protein 1 (JIP1) [98]. Though this interaction occurs at the
DRS of INKI, the selectivity of BI-78D3 for ERK2 is predicted to arise from varia-
tions of the ED domain (TT in ERK1/2 and SD in JNKs). We found that BI-78D3
forms a tetrahedral adduct at Cys159 of ERK2, directly adjacent to the ED domain
residues. Formation of this adduct occurs in two steps: an initial binding step involv-
ing the ED domain, followed by a reaction step where the thiolate form of the
Cys159 sidechain acts as a nucleophile to react at the trigonal carbon (C5) of the
1,2,4-triazol-3-one ring (Fig. 6). This two-step inhibition can be modeled by the
scheme in Fig. 5c as described above, yielding a K7 of 2.3 pM and a ;. of 0.1 min™!
(Fig. 6).

Current FRS Inhibitors

There have been fewer ventures into identifying FRS inhibitors compared to the
number of studies that identify DRS inhibitors. Recently, a class of small molecules
that targets the FRS of ERK?2 was identified by Samadani et al. (2015) using virtual
database screening [99]. The resulting thienyl benzenesulfonate scaffold molecule
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(Fig. 6, compound 1.8) was shown to interact with the FRS of ERK2 in a pocket
exposed by Phel81 and Leul82. From the structure of compound 1.8 (Fig. 6), the
two aromatic rings resemble the phenylalanine residues of the FXFP F-site motif
buried in the hydrophobic pocket of the FRS. Compound 1.8 and its derivatives
were found to inhibit Elk-1 phosphorylation by ERK and the expression of immedi-
ate early genes in the Fos family. A high-throughput biochemical assay to identify
FRS inhibitors was recently reported by Miller et al. [100]. The method employed a
proximity-based AlphaScreen (Perkin-Elmer) to detect the ability of small mole-
cules to inhibit the phosphorylation of an F-site peptide. This screen was designed
to employ high concentrations of ATP to select against ATP-competitive inhibitors.
This screening method will likely be a useful tool for biochemical detection of FRS
inhibitors. In addition to small molecules, numerous peptides containing the DEF
consensus sequence have been generated in order to probe the FRS and its role in
ERK catalysis and binding interactions [29, 55, 101].

The Future of Docking Site Inhibitors

The structural and kinetic studies that we have applied to characterize interactions
at the DRS and FRS of ERK?2 are critical for developing docking site inhibitors and
have led to the discovery of 2507-1, 2507-8, and new mechanisms for BI-78D3.
However, the DRS and FRS are not likely to be the only PPI sites on ERK. Recently,
Herrero et al. identified a compound, DEL-22379, as targeting a putative dimeriza-
tion interface on ERK2 [102]. The compound was an effective inhibitor of prolifera-
tion in ERK pathway-driven tumor cells, even in models of MEK and B-Raf
inhibitor resistance. This study indicated that this region on ERK2 is biologically
relevant albeit the dimerization of ERK2 and its potential roles are debated [57,
103-106].

Variations in docking locations have been identified for other MAPKSs as well,
suggesting this same possibility for ERK1/2. Francis et al. used a combination of
NMR and small angle X-ray scattering to show that HePTP engages p38a residues
beyond the established DRS [107]. Additionally, Glatz et al. (2013) found that
ERKS interacts with MKKS5 outside of the DRS region as well [108]. These addi-
tional interactions that occur external to established docking sites likely contribute
to specificity of binding and signaling. These cases illustrate that the continued
identification and evaluation of molecules that bind outside of the kinase active site
are critical for the discovery of new PPI sites and potential advances in drug
development.

Without explicit structural data, protein-protein interactions can be challenging
to characterize, making inhibitors of such interactions a useful tool. In 2010, Comess
et al. developed a biochemical screening method for detection of p38a and JNKI1
inhibitors that bind at any exposed surface of the proteins without bias [53]. This
involved exposure of the proteins to small molecules and subsequent removal of any
weakly bound compounds by ultrafiltration. Mass spectrometry was then used to
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identify the remaining high-affinity compounds, and NMR and/or X-ray crystal-
lography were used to determine the binding sites of active compounds. The screen
identified both ATP-competitive and non-ATP competitive inhibitors. Of interest, a
non-ATP competitive inhibitor of JNK1 activation was found to bind in the region
of INK1 bordered by the activation loop and the kinase insert region, which is anal-
ogous to the FRS of ERK2 [51]. This study shows that small molecule inhibitors
can reveal protein docking interactions on MAPKSs, and these interaction sites need
not be previously identified or fully understood.

Docking sites on MAPKSs are more superficial and solvent exposed than the ATP-
binding pocket, which limits the potency of docking site inhibitors. Typically, selec-
tive small-molecule inhibitors of ERK (and kinases in general) that are ATP
competitive have nanomolar potencies, which is necessary for overcoming ATP
binding in cells. In contrast, known small-molecule docking site inhibitors of ERK
typically have micromolar potencies. Although substrate proteins like those that
dock at the DRS and FRS are typically present in lower concentrations (relative to
their K, values) than ATP in cells and may interact with ERK transiently; as in the
case of Ets-1, it is essential to improve the potencies of DRS and other docking site
inhibitors for drug design purposes [109, 110]. Two ways to overcome this issue are
(1) development of covalent docking site inhibitors like BI-78D3, and (2) multi-
functional and multivalent docking site inhibitors.

Development of covalent inhibitors may follow a structure-guided approach in
order to functionalize reversible docking site inhibitors with reactive moieties that
can target nearby cysteines [111] or other circumstantial nucleophilic residues.
Structure-guided design has been employed to build inhibitors that irreversibly tar-
get Cys164 in the active site of ERK2 [112]. New targets for small reactive mole-
cules can also be identified by selectivity profiling against the kinome. Browne et al.
(2019) have recently developed a chemoproteomic strategy to profile the reactivity
of covalent inhibitors with cysteine thiols across the proteome [113]. This approach,
termed CITe-ID (Covalent Inhibitor Target Site Identification), can identify cysteine
residues for potential drug targeting as well as off-target effects of existing covalent
inhibitors.

However, off-target effects of inhibitors are not always undesirable.
Multifunctional inhibitors that target more than one MAPK can be beneficial in
targeting disease states in which more than one signaling pathway contributes to
pathology. For example, in cancers, crosstalk between ERK, JNK, and PI3K/Akt
signaling pathways can occur [114—118], making single-agent inhibitors of multiple
MAPKSs or combinations of multiple inhibitors attractive therapeutic options [119—
121]. Such treatments could be a vehicle to preemptively block the development of
resistance that is often observed for targeted single-kinase inhibition in cancers
wherein the activation of alternative signaling pathways can perpetuate tumor
growth. Inhibitors can also be engineered to target more than one binding site on the
same kinase. Furthermore, improved potency and selectivity of ERK docking site
inhibitors can be achieved by building multivalent inhibitors, where docking site
inhibitors are chemically linked to ATP-competitive inhibitors [122].
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Docking site inhibitors can also be designed to have more than one mechanism
of action. For example, PROTACs (proteolysis-targeting chimeric molecules) are
multifunctional inhibitors that bind to a target protein and recruit E3 ubiquitin ligase
to induce polyubiquitination and proteasomal degradation of the target [123, 124].
Functionalizing ERK docking site inhibitors as PROTACs could overcome observed
potency issues by globally decreasing ERK levels, thereby improving effective inhi-
bition of ERK signaling.

Summary

ERK docking site inhibitors add diversity to the available approaches of targeting
ERK signaling for potential therapeutic purposes. They also serve as biochemical
tools to probe protein-protein interactions that occur at docking sites, involving both
catalytic and noncatalytic functions of ERK. Our detailed investigations into Ets-1
phosphorylation by ERK2 show that docking site interactions are crucial for the
catalytic efficiency of ERK2, yet illustrate that docking site roles and the definitions
of docking interactions are not always clear upon initial analyses. This knowledge
demonstrates the importance of using combinations of kinetic and structural meth-
odologies to answer unsolved questions about kinase interactions.
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Abstract Protein kinases are critical components of diverse signaling pathways.
While all kinases share a conserved kinase domain, there is considerable diversity
among kinases within the additional flanking domains and sequences that may regu-
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regulatory domains. These other domains are often evolutionarily divergent across
the kinase superfamily and provide unique handles for selective targeting of a kinase
of interest. As an alternative to small-molecule inhibitors for kinases, this chapter
focuses on the development of constrained peptide scaffolds that target allosteric
regulatory mechanisms or spatiotemporal kinase regulation. Constrained peptides
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Introduction

Protein kinases play an essential role in cellular signal transduction. The specificity
of signaling pathways demonstrates that kinases have evolved divergent substrate
recognition capabilities all the while, in most cases at least, conserving the activity
of their catalytic domain. The ability of these proteins to receive diverse regulatory
inputs and convey information to specific appropriate substrates using the common
core function of phosphorylation is the result of an intricate balancing act. The
requirement to balance conservation of activity and plasticity defines an axis which
determines catalytic activity, substrate specificity, and regulatory interactions.

As a strategy for selective kinase inhibition, allosteric disruption of protein
kinases may offer a more selective form of regulation by targeting unique regions or
surfaces that are imperative for overall kinase function. Protein-protein interaction
(PPI) surfaces, whether intramolecular or intermolecular, often require relatively
large, shallow, and hydrophobic surfaces that are particularly well suited for peptide
targeting. However, native peptides are inherently susceptible to various processes
including proteolytic cleavage, lack of solubility, and loss of the secondary struc-
tural fold that may be required for PPIs [1]. In order to circumvent the issues seen
with native peptides, constrained peptides were developed to “lock” the peptide in a
favorable conformation and embed the backbone, which makes the peptide resistant
to proteolytic cleavage (Fig. 1) [2]. In addition, various chemical modifications can
be made in order to improve the hydrophilicity, specificity, and biological relevance
of the compound [3].

One synthetic strategy for constraining peptides is hydrocarbon stapling [4]. In
this approach, nonnatural olefinic amino acids are incorporated into a peptide
sequence of interest during solid-phase synthesis, and the olefinic side chains are
subsequently joined together to form an all-hydrocarbon staple using ring-closing
metathesis chemistry. In the case of peptide helices, the secondary structural fold of
the helix can be synthetically reinforced by incorporation of a staple by positioning
the olefinic amino acids around one or two helical turns (Fig. 1). Hydrocarbon-
stapled peptides possess the potential to have multiple favorable properties includ-

A

Fig. 1 Targeting protein-protein interactions (PPIs) with constrained peptides. (a) PPI interfaces
often involve secondary structural elements such as alpha-helices or beta-sheets that mediate and
stabilize the protein complex. (b) Peptide mimics of a PPI interface that are modified may be sub-
ject to loss of its secondary structural fold and, therefore, have a reduced affinity for its target
interface. (¢) Chemical modifications can be introduced into the peptide sequence to reinforce the
secondary structure and, thereby, improve the biological inhibitory activity of the peptide as a
strategy for PPI disruption
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ing reinforced helical conformation, resistance to proteolytic degradation, and
enhanced cell permeability through an active transport mechanism [1, 5]. Stapled
peptides have been designed to engage a wide variety of targets to disrupt a PPI of
interest. In this chapter, multiple examples of constrained peptides, including
hydrocarbon-stapled peptides, will be discussed that specifically disrupt allosteric
or spatiotemporal regulation of diverse kinases.

Targeting Receptor Tyrosine Kinase Dimerization
with Stapled Peptides

Oligomerization and stable and transient interactions are common mechanisms of
kinase regulation and play a crucial role in a diverse set of signaling pathways. In
the case of receptor tyrosine kinases (RTKs), the activation mechanism is usually
dependent on dimerization of either the extracellular receptor or intracellular kinase
domain [6, 7]. Although numerous small-molecule inhibitors have targeted RTKs,
mostly through ATP-competitive inhibition, drug resistance remains a major prob-
lem partly due to the complex mechanism of RTK activation [8, 9]. However, due to
the extensive interfaces involved in RTK dimerization, these surfaces can be
exploited for allosteric kinase inhibition.

Targeting the Extracellular Region of EGFR with Constrained
Peptides

One example of a kinase that is regulated via dimerization is the epidermal growth
factor receptor (EGFR/HER1/ErbB1). EGFR is a transmembrane receptor com-
posed of an ectodomain, a transmembrane region, a juxtamembrane region, and an
intracellular tyrosine kinase domain. Upon binding of an extracellular growth fac-
tor, EGFR may homodimerize or heterodimerize with other Erb family receptors to
elicit its role in cell proliferation and differentiation (Fig. 2) [10, 11]. EGFR, and
fellow ErbB family proteins HER2, HER3, and HER4, are commonly mutated in a
variety of cancers, and, therefore, a significant amount of research has focused on
developing therapeutics to inhibit these receptors and the downstream signaling
pathways [12—14]. While the majority of EGFR inhibitors target either the growth
factor binding site or the active site of EGFR, one can additionally take advantage
of the wide variety of protein surfaces involved in ErbB dimerization for targeted
inhibition.

Dimerization of EGFR plays a crucial role in regulating EGFR activation, and
there are multiple mechanisms by which allosteric inhibition of dimerization could
be targeted: inhibition of ectodomain oligomerization, inhibition of dimerization
arm interactions, inhibition of coiled coil juxtamembrane formation, and inhibition
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Fig. 2 Schematic of EGFR dimerization and activation. The EGFR ectodomain is composed of
four domains that undergo a distinct conformational change upon ligand binding, thereby allowing
the dimerization arms (cyan) to interact with and stabilize the receptor dimer. The intracellular
kinase domains also undergo a conformational change to form an asymmetric dimer that is stabi-
lized by the coiled coil arrangement of the juxtamembrane dimer. (PDB IDs: 2GS6, 3NJP, and
INQL)

of asymmetric kinase dimerization (Fig. 3). Allosteric inhibition of EGFR kinase
activity via receptor oligomerization had not been successfully targeted with small-
molecule inhibitors [15], thereby leaving a gap in drug development that peptide
therapeutics may be well-suited to fill.

Homodimerization of EGFR is mediated by a “dimerization arm” that undergoes
a substantial conformational change upon binding to an extracellular ligand [16,
17]. The conformational change promotes dimerization and subsequent activation
of the intracellular kinase domain. One strategy of targeting EGFR dimerization
focuses on disrupting the “dimerization arm” beta loop structure that is essential for
stabilizing the EGFR homo or heterodimer (Fig. 2). Various mimics of the dimeriza-
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Fig. 3 Allosteric disruption of RTK dimerization and activation. (1) Beta-loop peptide macrocycle
mimics of the dimerization arm structure, (2) disruption of ectodomain interactions essential for
homo- or heterodimerization as strategies to block ectodomain dimerization. (3) All-hydrocarbon-
stapled peptides targeting the coiled coil juxtamembrane region prevent formation and stabiliza-
tion of the kinase dimer. (4) Direct targeting of the asymmetric kinase dimer interface as an
approach for allosteric kinase inhibition

tion arm have been developed that contain additional synthetic constraints to struc-
turally reinforce the beta-turn conformer including the introduction of a cross-strand
disulfide bridge, a selenylsulfide bridge, or a triazolyl bridge [18-21]. These
peptide-based dimerization arm mimics were shown to have inhibitory effects on
EGFR dimerization and activation. A major shortcoming of these particular chem-
istries is that, although the chemical constraint introduced into the peptide sequence
helped reinforce the structural shape of the peptide to effectively bind its target,
none of these modifications were found to enhance cell permeation of the dimeriza-
tion arm mimics. While this physical property is not detrimental for extracellular
targets such as the ectodomain of RTKs, other chemistries may need to be employed
for targeting intracellular targets.

Targeting the Intracellular Region of EGFR with Stapled
Peptides

An example of peptides targeting intracellular targets is the development of con-
strained alpha-helical peptides targeting the intracellular juxtamembrane region of
EGFR. The juxtamembrane region forms a coiled coil dimer in order to assemble
and stabilize the asymmetric kinase domain dimer [22]. Peptides were designed to
mimic and inhibit the coiled coil interactions to allosterically disrupt EGFR activa-
tion [23]. The alpha-helical conformer was structurally reinforced through introduc-
tion of all-hydrocarbon staples that were shown to enhance cell permeation. The
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lead peptide in this study effectively disrupted EGFR dimerization and inhibited
cell proliferation when treating cells with a micromolar range dosing [23].

Another intracellular target of EGFR is the asymmetric kinase dimer interface
that is a requisite for dimerization-mediated kinase activation [24]. In this case, the
N-lobe of one kinase domain interacts directly with the C-lobe of the other kinase
domain, and this interaction is primarily mediated by several alpha-helices. As a
strategy to allosterically inhibit EGFR activation, hydrocarbon-stapled peptides
were developed to mimic the H-helix derived from the C-lobe of the kinase domain,
thereby occluding kinase dimer formation and activation [25]. Sequences were opti-
mized using in silico strategies to improve the efficacy of the compounds to
approximate IC50 values of 5-10 pM. These cell-permeable peptide inhibitors were
found to inhibit EGFR activation and downstream AKT activation. In addition, the
lead compound from this study also caused a fortuitous reduction in EGFR protein
expression levels in cells through an unknown mechanism [25].

Overall, EGFR has served as an archetype model of RTKs for targeted allosteric
inhibition using peptide inhibitors due to the fact that EGFR has been extensively
characterized both structurally and biochemically, and numerous PPIs have been
identified as critical components of its activation mechanism. While a basis for
proof-of-concept work has been completed, further development and optimization
of these allosteric inhibitors may lead to a therapeutic with clinical success. Since
they target discrete surfaces distal to the ATP-binding site, they may additionally fill
a niche by serving as a second-line therapy after drug resistance mutations arise in
patients. While EGFR highlights the diverse strategies that can be applied for thera-
peutic intervention using constrained peptides, these mechanisms can be translated
to a variety of receptor tyrosine kinases and intracellular protein kinases that are
critically regulated by PPIs.

RTKs as Peptide Inhibitor Targets

RTKSs are commonly mutated or overexpressed in a multitude of cancers and dis-
eases, and the current FDA-approved therapeutics are predominantly small-
molecule inhibitors and a rapidly expanding class of antibody-based therapeutics
[26]. The conserved ATP-binding pocket of tyrosine kinases makes specificity a
challenging goal for small-molecule inhibitors, and off-target effects are of signifi-
cant clinical concern [27]. Monoclonal antibodies are emerging as an alternative
targeting mechanism since they are designed to complement a relatively large sur-
face area of the protein, thereby enhancing target selectivity. A major drawback of
antibody therapies is their inability to access the intracellular space, thereby reduc-
ing them to RTK targets in the case of the kinase superfamily. In addition, resistance
has been found to be largely inevitable with both small-molecule and antibody-
based therapeutics, thereby prompting the need for alternative therapeutics with
unique targeting sites. By disrupting specific PPIs with evolutionarily divergent
surfaces that are involved in RTK regulation, peptide therapeutics may serve to
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bridge the gap between small molecules and antibodies by providing a relatively
large binding surface area that can target shallow pockets or patches while also hav-
ing the potential to permeate cells. The increased potential by constrained peptides
to target unique PPIs opens the door to entirely unique strategies for regulating
signaling pathways within the cell.

Disruption of Spatiotemporal Regulation of Kinases
with Stapled Peptides

Another indirect strategy for kinase inhibition involves disruption of spatial and
temporal regulation for a given kinase. Where a kinase resides in the cell at any
given time will greatly influence its cellular activity by limiting access to potential
interactors within its localized environment including substrates and other interact-
ing proteins. Thus, formation of highly organized molecular complexes is critical in
determining the precise timing and location of signal transduction events that occur
in response to secondary messengers [28]. One family of scaffold proteins known to
exert such spatiotemporal control over cellular enzymes is A kinase anchoring pro-
teins (AKAPs).

A Kinase Anchoring Proteins (AKAPs)

AKAPs share the common feature of docking protein kinase A (PKA) and serve as
platforms to coordinate phosphorylation-dephosphorylation events by scaffolding
protein kinases and phosphatases along with their appropriate substrates [29].
AKAPs also form multiprotein assemblies that are localized to specific subcellular
locations, thereby orienting the scaffolded signaling enzymes to their distinct sub-
strates. In consequence, AKAP-mediated microsignaling complexes are important
spatiotemporal regulators of PKA-mediated signaling [28, 29].

Initial clues for the compartmentalization of protein kinases came from early
experiments with cyclic adenosine monophosphate (cAMP) signaling during the
late 1970s. cAMP was previously identified as an activator of protein kinase A
(PKA) [30]. PKA is a hetero-tetrameric holoenzyme complex that is composed of
two regulatory (R) subunits that bind and inhibit two catalytic (C) subunits.
Following extracellular stimuli such as activation of G-protein coupled receptors
(GPCRs), activated adenylate cyclase (AC) synthesizes cAMP that then binds to R
subunits of PKA, releasing catalytically active C subunits [31]. Although it was
previously hypothesized that cAMP was diffused throughout the cell, it was later
shown in cardiac tissue that while both prostaglandin E; and epinephrine could
increase intracellular cAMP levels, only epinephrine stimulation led to an increase
in glycogen phosphorylase activity and contraction [32, 33], thereby demonstrating
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that specific subcellular sites for cAMP accumulation existed to result in PKA acti-
vation [29, 30].

Parallel research also revealed two distinct forms of PKA: cytoplasmic type I
PKA and particulate type II PKA, hinting at a differential regulation of PKA activa-
tion through distinct intracellular compartments [34]. Subsequently, microtubule-
associated protein, MAP 2, was the first example shown to anchor PKA to
microtubules through interactions with the regulatory domain of PKA [29]. Further
experimentation using PKA RII probes to perform protein-protein blotting allowed
for the discovery of several more PKA anchoring proteins that were ultimately clas-
sified under the family of A kinase anchoring proteins (AKAPs) [29, 30]. At pres-
ent, over 30 mammalian AKAPs have been reported and experimentally verified [35].

Anchoring of PKA only denotes one aspect of AKAP family’s scaffolding func-
tions. AKAPs form multivalent protein assemblies with other signaling enzymes to
integrate multiple second messenger signaling cascades along with their feedback
loops and localize these signaling events to specific intracellular sites [29, 36].
Some notable examples of cellular proteins scaffolded by AKAPs to distinct subcel-
lular locations are adenylate cyclase (AC), protein kinase C (PKC), protein phos-
phatase 1, 2A and 2B (PP1, PP2A, PP2B), calcineurin (CaN), phosphodiesterase
4D3 and 3A (PDE4D3, PDE3A), L-type calcium ion channels, actin cytoskeleton,
and tubulin [37-39]. Vastly different cellular responses can be elicited from AKAP
complexes based upon which other proteins are present in an AKAP complex at any
given time.

Functional Aspects of AKAP Complexes

An important function of AKAP-mediated protein scaffolding and complex forma-
tion is achieving signaling specificity. Balancing substrate phosphorylation and
dephosphorylation provides an elegant manner for modulation of a cellular response.
Indeed, AKAPs have been shown to localize with GPCRs and scaffold various pro-
teins including AC, PDE, and PKA. In a typical PKA signaling event, hormone
binding to the GPCR is followed by the activation of GaS subunit, stimulation of
AC activity, and subsequent cAMP synthesis [40]. In turn, cAMP binds and acti-
vates PKA that catalyzes phosphorylation of downstream substrates while unbound
cAMP is hydrolyzed to adenosine monophosphate (AMP) by PDE. This confines
synthesis, function, and degradation of cAMP to a localized scaffold and greatly
improves signaling efficiency [37, 41].

An example of this is AKAP5/79/150. One of the best-studied AKAPs, it was
shown to orchestrate Ca?*-dependent signaling events in postsynaptic neurons by
scaffolding PKC, protein phosphatase 2B (PP2B), and calmodulin (CaM) while
tethered to the glutamate receptor ion channels (AMPA receptor). Increased neuro-
nal Ca®* levels were found to increase Ca**/CaM binding to AKAP79 while disen-
gaging inhibited PKC from the scaffold. Increased Ca®*/CaM interaction with
AKAP79 was also critical for the activation of complexed PP2B. Formation of such
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a complex provides for the generation of localized pools of second messenger
responsive enzymes at localized points within the cell [42, 43].

While RI-selective AKAP complexes are considered to be primarily localized to
the cytoplasm, Rll-selective AKAPs are predominantly membrane-associated
through diverse mechanisms. Some AKAPs may be modified to promote membrane
interactions though the addition of myristoyl or palmitoyl moieties, including
AKAPI12 and AKAP18 [44]. AKAP12 (Gravin) is known to scaffold PKC and PKA
to the cellular cytoskeleton; however, its subcellular distribution is dynamically
regulated as it is determined by activation of PKC and CaM binding [44-46].
AKAP350 predominantly localizes at the centrosome and scaffolds a mecca of sig-
naling enzymes such as PKA, PKN (Protein Kinase N1), PP1, and PP2A [44, 47].
Research has also found AKAP350 in the Golgi area at different stages of the cell
cycle, implicating its scaffolding functions in directing PKA to specific compart-
mentalized substrates during cell division [47, 48]. Apart from these specific exam-
ples, AKAP complexes play a critical role in regulating precisely timed signaling
events that impact a wide range of cellular functions including cytoskeletal dynam-
ics, cell cycle progression, channel regulation, and apoptosis along with physiologi-
cal functions such as memory formation, sperm motility, T-cell activation, and
cardiac function [38, 44, 48, 49]. As such, they are critical regulators of specific
PKA signaling events and may serve as an effective, indirect strategy for targeted
disruption of altered AKAP-mediated PKA signaling in disease states.

Targeting AKAP Complexes

Given the extent of scaffolding and spatiotemporal control exerted by AKAPs on
cellular functions, AKAP complexes have long been considered viable targets for
disease intervention [38, 39, 44]. The majority of this work has focused on targeting
PKA RI and RII domains and their anchoring by AKAPs, primarily due to the avail-
ability of high-resolution crystal structures, well-defined binding motifs, and con-
served PKA-binding domain across multiple AKAPs [44].

Targeting PKA RII Anchoring by AKAPs

Early work was focused on identifying the binding sites on the RII domain of PKA
that were required for its interactions with AKAPs. These studies identified the first
30 amino acid residues of PKA RII to be essential for AKAP interaction (docking/
dimerization (D/D) domain), and RII dimerization was considered a prerequisite for
anchoring by forming a binding groove at the D/D dimer interface [50-52]. Deletion
studies performed on the reciprocal binding surfaces of multiple AKAPs revealed
common helical regions essential for their anchoring interaction with PKA RII [30].
This led to the current understanding whereby AKAPs at least partly interact with
PKA regulatory subunits via an amphipathic helical binding sequence [29, 30].
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Ht-31, derived from the helical binding sequence of the RlII-selective AKAP,
AKAP-Lbc, was one of the first peptide disruptors aimed at AKAP-RII PKA inter-
action [53]. A stearated version of this peptide was subsequently developed to
improve its cell permeability [54]. Several other peptide disruptors were also mod-
elled after other AKAPs including TAT-AKAD and AKAP-IS [44]. Although these
peptides have served as useful tools in understanding the functional aspects of
AKAP-PKA scaffolding and PKA regulation, they have notable drawbacks such as
poor cell permeability, loss of secondary structure in solution, and potential for
proteolysis [55].

As a strategy to overcome some of these shortcomings, AKAP disruptors were
later developed that incorporated an all-hydrocarbon staple to reinforce the second-
ary structure of the alpha-helical peptide [56]. Multiple peptides were designed
based on the anchoring helix derived from several AKAPs. While most AKAP
anchoring helices are relatively hydrophobic, three sequences were chosen for
library design that were intrinsically more hydrophilic since the hydrocarbon staple
notably increases hydrophobicity of the overall compound: RI-anchoring disruptor
(RIAD), AKAP220, and small-membrane AKAP (smAKAP). From this library
screen, a stapled peptide analog of the binding helix derived from AKAP220,
STAD-2, was found to permeate cells, have up to 40-fold selectivity for PKA RII
over PKA RI with a K, value in the low nanomolar range, and could inhibit AKAP-
PKA RII scaffolded interactions and signaling in cells [56, 57] and, thereby, serves
as a cell-permeable tool for perturbing spatial and temporal regulation of PKA
(Fig. 4).

Targeting PKA RI Anchoring by AKAPs

While the PKA RII isoform has been shown to bind AKAPs in the low nanomolar
range, PKA RI is generally considered to have weaker interactions with AKAPs in
the high nanomolar to low micromolar range [58]. Notably, some PKA Rl-selective
AKAPs bind in the low nanomolar affinity with the RI isoform [58—60]. Due to its

Fig. 4 Stapled AKAP
inhibitor bound to PKA
RII. Schematic
representation of STAD-2
peptide (in green) bound to
the docking/dimerization
domains of PKA RII (in
blue and red). STAD-2
mimics and occludes the
helical binding interaction
of AKAPs with PKA RII
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site-specific localization, PKA RII is also markedly distinct from PKA RI, which is
mostly cytosolic while PKA RII is associated with cytoskeletal elements and intra-
cellular cellular organelles [61]. In addition, structural analysis of the D/D domains
on RI and RII revealed certain critical differences between their engagement with
AKAP-docking helices. The D/D domain of PKA RI forms a shallow, hydrophobic
patch that interacts with two helical turns of an AKAP helix. On the contrary, the
D/D domain of PKA RII forms a markedly deeper cleft that engages with the AKAP
helix over four helical turns [62, 63].

Due in part to the lack of a clear consensus sequence for RI-specific AKAP bind-
ing, a limited number of RI-specific peptide disruptors have been developed [64].
The first RI-selective AKAP inhibitor peptide was identified from a peptide array
library derived from the dual-selective AKAP, D-AKAP2 [65]. This peptide, PV-38,
was found to have selectivity for the RI-isoform with a KD value of 5 nM while
binding the RII-isoform in the high nanomolar range and, when transfected in cells,
could disrupt PKA RI-AKAP interactions [65]. Subsequently, another RI-selective
peptide disruptor, termed RI-anchoring disruptor (RIAD), was designed using a
bioinformatics approach [66]. Although RIAD was shown to over 1000-fold selec-
tivity for PKA RI over the PKA RII isoform, it also did not readily permeate cells.
Subsequently, a cell-permeable hydrocarbon-stapled analog of RIAD, termed
RI-STAD-2, was developed [67]. This peptide disruptor was shown to be RI-selective
with single nanomolar affinity toward PKA RI and could disrupt interactions
between PKA RI and AKAPs within cells.

Targeting AKAP Complexes Beyond PKA Interactions

Although AKAPs were initially characterized as having the commonality of dock-
ing PKA, AKAPs are now understood to scaffold a variety of diverse proteins. Their
ability to scaffold and localize multiple signaling enzymes, organelles, and recep-
tors while orchestrating tightly controlled signaling events warrants deeper investi-
gation. Currently, the only available tools to dissect these complexes include various
peptides described above that uncouple PKA anchoring to the AKAP complexes. A
major shortcoming of this approach is that most cells typically express between 10
and 15 AKAPs at any given time [39], and, thus, an individual AKAP of interest
cannot be selectively targeted using this approach.

As an alternative approach, one could envision targeting the PPI mediated by a
protein that only binds a small subset of AKAPs. One example of this is PKC. PKC,
a major cellular kinase known for controlling a plethora of signaling cascades and
diverse cellular processes, has been shown to directly interact with only a handful of
AKAPs including AKAP12, APAP79, AKAP1, AKAP7, AKAPY, AKAPI13, and
Ezrin [39]. Its interaction with discrete signaling complexes results in various cel-
lular effects such as altered actin cytoskeleton dynamics and suppression of cell
migration and invasiveness when bound to AKAPI12 [46, 68] and altered neuronal
plasticity when bound to AKAP79 [42, 43]. Targeting AKAP-mediated PKC scaf-
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folding may provide invaluable information on the various roles of PKC signaling
via AKAP complexes, the role of localized pools of calcium on PKC activity, and
how different PKC isoforms may be differentially compartmentalized and regu-
lated. As more biochemical and structural information of PPI interfaces involving
AKAPs becomes available, further peptide-based disruptors can be developed to
selectively target an AKAP of interest. Overall, selective disruption of AKAP
complex formation by inhibiting the docking of one or more kinases provides a
route for altering and evaluating the effects and significance of the individual com-
ponents of an AKAP signaling complex on localized signaling. Further, such probes
can additionally provide a route to improve our understanding of the potential allo-
steric effects of AKAPs on their partner kinases.

Pseudosubstrate Inhibition of Kinases with Stabilized Peptides

Another strategy for allosteric kinase inhibition is through targeting sites within the
kinase domain that are distal to the ATP-binding pocket that ultimately affect cataly-
sis. The ability of kinases to receive diverse regulatory inputs and convey signals to
various substrates via a phosphorylation mechanism is the result of an intricate bal-
ancing act. Kinases have to harmonize multiple facets including catalytic activity,
substrate specificity, and regulatory interactions, and this is achieved through both
plasticity and conservation. The specificity of signaling pathways demonstrates that
kinases have evolved divergent substrate recognition capabilities while maintaining
conservation of the active site. Additionally, some kinases, including PKA, PKC,
and PKG, have a pseudosubstrate binding domain within the C-lobe of the kinase
domain, which acts as an additional regulatory mechanism [69, 70].

Kinase Pseudosubstrate Interactions

In the case of PKA, substrates and pseudosubstrates interact with the kinase in over-
lapping regions within an extended groove located across the face of the C-lobe
between the D and G helices [71] (Fig. 5a). This region contains the majority of
contact points responsible for determining substrate specificity between protein
kinases. While every kinase has substrate recognition motifs that engage the
substrate-binding groove, many kinases can actually recognize a family of related
sequences with a range of affinities. This spectrum of substrate affinity may be
important in the dynamics of signal transduction by influencing the order of sub-
strate phosphorylation events within the cell [72]. Further, the binding of pseudo-
substrates within the substrate-binding region can result in partial steric occlusion
of the substrate-binding groove, thereby inhibiting kinase activity through an allo-
steric mechanism [73].
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Fig. 5 The interface between PKA and a PKI-derived peptide. (a) The substrate binding groove
on PKA (red) extends across the region between the C-lobe and N-lobe between the D and G heli-
ces. (b) PKI (5-24, shown in orange) serves as a pseudosubstrate by partly occupying the substrate
binding groove to prevent catalytic activity. The side chains of arginine residues 18 and 19 are
shown and are required for high-affinity binding (PDB 1ATP)

The pseudosubstrate region may be encoded within the full-length kinase such as
on the regulatory domain of PKC [74] or on the C-terminal tail of myosin light
chain kinase [75]. Alternatively, the pseudosubstrate region may be located on a
separate protein. Examples include the R-subunits of PKA and the endogenous
cAMP-dependent protein kinase inhibitor (PKI) [76]. As a strategy for allosteric
inhibition of PKA, PKI was extensively explored.

Protein Kinase Inhibitor (PKI) as a Pseudosubstrate

PKI was discovered in the early 1970s as a non-ATP-competitive, heat-stable inhib-
itor of PKA [76]. This small, 11 kDa protein has two known functional regions: a
nuclear export sequence (NES) to transport PKA out of the nucleus and a high-
affinity pseudosubstrate region that inhibits the catalytic function of PKA (Fig. 6a)
[77]. Tt is both a selective and potent inhibitor of PKA kinase activity with a K; of
2 nM [78]. Through analysis of multiple truncations of PKI, it was discovered that
only a short stretch of residues of PKI was required for inhibition (residues 5-24)
and a peptide mimicking this region was found to have both potency and selectivity
comparable to that of the full-length protein (Fig. 6b) [79-81]. This peptide repre-
senting PKI (5-24) has been termed IP20. Within this peptide there exists a sequence
that resembles the consensus substrate sequence that is phosphorylated by PKA. The
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Fig. 6 PKI as a pseudosubstrate inhibitor of PKA. (a) PKI directly interacts with PKA and serves
as both a pseudosubstrate inhibitor and a nuclear export transporter for PKA. (b) PKI is a small,
11 kDa protein. The sequence of PKI is shown, and the residues that comprise the IP20 peptide are
underlined. (¢) The IP20 peptide adopts a partially helical structure upon binding to PKA; this
helical portion provided a location for the incorporation of an all-hydrocarbon staple. The

C-terminus of the peptide must adopt a highly specific orientation for the arginine residues to
interact properly (PDB 1ATP)
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peptide contains the pseudosubstrate sequence Arg—Arg—X—S*-Y, where X repre-
sents a small residue, S* represents the phosphoacceptor residue that is replaced by
a nonphosphorylatable residue as the pseudosubstrate, and Y represents a large
hydrophobic residue [69]. The two arginine residues (residues R18 and R19 in PKI)
are critical for the high-affinity binding of the peptide where glycine substitutions at
these positions decrease the inhibitory potential of the peptide up to 500-fold [81]
(Fig. 6¢). Although this consensus sequence results in optimal binding, there is con-
siderable variability among PKA substrates with only one third containing this
sequence in its entirety [72]. This optimal consensus sequence results not only in
high-affinity binding interactions with PKA but also high selectivity. IP20 was
tested against multiple, diverse kinases including phosphorylase kinase, skeletal
muscle myosin light chain kinase, PKC, casein kinase II, and cGMP-dependent
protein kinase (PKG) and demonstrates no inhibition of these kinases in in vitro
assays even when the peptide was tested at millimolar concentrations [79].

Stapled PKI Mimics as Pseudosubstrates for PKA

Although IP20 has been used for many years as an investigational tool, it has several
drawbacks that are commonly seen in naturally occurring peptides including a lack
of cell penetration and susceptibility to proteolytic cleavage. Cell permeation of
IP20 can be enhanced via modifications such as myristoylation [69]; however, the
hydrophobic nature of the myristoyl moiety may contribute to mislocalization by
promoting membrane interactions/embedding and, thus, may limit its ability to
interact with PKA at various subcellular locations. Additionally, attempts to improve
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the proteolytic stability of the IP20 peptide have been made though incorporation of
D-stereoisomeric form of arginine in position 18 and protection of the C-terminal
aspartate side chain with a cyclohexyl ester group [82]. Although this did increase
the half-life of the peptide, it did not address cell permeability, and, consequently,
this peptide still required microinjection dosing. The issues of cell permeation and
stability were subsequently addressed via the addition of an all-hydrocarbon staple.
Using this technique, a pseudosubstrate inhibitor of PKA was created that shared
many of the favorable properties of IP20 but which could additionally accumulate
within the cytosol [83].

Initial attempts to create a hydrocarbon-stapled version of IP20 introduced the
staple into a helical portion located on the N-terminus (Fig. 6¢). Unfortunately, this
resulted in an approximately seven-fold loss in affinity for PKA-C as compared to
the nonmodified parent peptide [83]. This reduction in affinity may reflect a ramifi-
cation of nucleated helicity induced by the staple into less-structured regions of the
peptide that have been shown to be required for high biological potency [84].
However, Scott et al. had previously established that extending the peptide by four
residues toward the N-terminus resulted in a 24-residue peptide with a binding
affinity that was comparable to IP20 [81]. These four additional residues provided
space for the staple to be shifted closer to the N-terminus and, upon evaluation, it
was discovered that these stapled IP24 analogs bound with comparable affinities to
their nonstapled counterparts with Ky, values in the 500-600 picomolar range [83].
To date, this stapled peptide has the highest reported target affinity among all pub-
lished hydrocarbon-stapled peptides, largely owing to the naturally high-affinity
interaction between PKA and the pseudosubstrate sequence of PKI. Further charac-
terization to determine the inhibitory potential found that in vitro K; values ranged
from 25 to 35 nM. Additionally, the stapled version of the peptide was found to
readily permeate cells, localize within the cytoplasm, and inhibit PKA substrate
phosphorylation in a dose-dependent manner [83].

Targeting Other Kinases with Pseudosubstrates

Considering the success of the approach to develop a hydrocarbon-stapled pseudo-
substrate inhibitor of PKA, it lays the foundation for designing other constrained
pseudosubstrate inhibitor peptides as a strategy for high target selectivity. Table 1
shows pseudosubstrate sequences that have been identified for a number of protein
kinases. Peptides based on these autoinhibitory pseudosubstrate sequences have
been developed for many of the kinases listed; however, they suffer the same short
comings of the original IP20 peptides, namely an inability to permeate cells.

One of the first crystal structures of an autoinhibited protein kinase was the
myosin light chain kinase (MLCK) family member twitchin [75]. The autoinhibi-
tory sequence is located within a 60 residue C-terminal tail [85], similar to Ca*/
calmodulin-dependent protein kinases (CaMKII) and MLCK members [73]. In
the autoinhibited state of these kinases, the C-terminal tail extends over the sur-



156 L. G. Helton et al.

Table 1 Examples of pseudosubstrate sequences identified for diverse kinases

Protein kinase Sequence Refs.
PKA

RI (88-107) VVKGRRRRGAISAEVYTEED [89]
PKI (5-24) TTYADFIASGRTGRRNAIHD [80]
PKC

o (15-31) DVANRFARKGALRQKNV [90]
B Iand II (15-31) ESTVRFARKGALRQKNV [91]
¥ (14-30) GPRPLFCRKGALRQKVV [92]
€ (149-165) ERMRPRKRQGAVRRRVH [93]
8 (137-153) AMFPTMNRRGAIKQAKI [94]
C (109-125) EKAESIYRRGARRWRKL [94]
PKG

o (54-67) GPRTTRAQGISAEP [95]
B (70-83) GEPRTKRQAISAEP [96]
Cam-I1I PK

o (280-307) CMHRQETVDCLKKFNARRKLKGAILTTM [97]
B (281-308) MMHRQETVECLKKFNARRKLKGAILTTM [98]
v (281-308) MMHRQETVECLKKFNARRKLKGAILTTM | [99]
S (281-308) MMHRQETVDCLKKFNARRKLKGAILTTM [100]
Mpyosin light chain kinase

Smooth muscle | (787-810) SKDRMKKYMARRKWQKTGHAVRAI [101]
Skeletal muscle | (570-593) RLLKKYLMKRRWKKNFIAVSAA [102]
Twitchin (5421-5443) | SRYTKIRDSIKTKYDAWPEPLPP [75]

face of the cleft between the two lobes of the kinase domain and makes extensive
contacts with both the substrate-binding site and the ATP-binding pocket.
Calmodulin binding to a portion of this pseudosubstrate region results in a confor-
mational change that removes the autoinhibitory sequence from the binding site
[86]. A 22-residue peptide based on the pseudosubstrate region was shown to
inhibit MLCK activity with a K; of 46 nM [87]. However, since this MLCK pseu-
dosubstrate peptide sequence overlaps with the calmodulin-binding region, it
acted as both a calmodulin and MLCK antagonist. This overlap resulted in unde-
sired inhibition of CaMKII. Further screening of peptide libraries with related
sequences resulted in the identification of “Peptide 18 that had an ICs, of 50 nM
for MLCK and only inhibits CaMKII at a 4000-fold greater concentration [88].
As with MLCK, CaMKII possesses an auto inhibitory sequence in its C-terminus
tail that wraps around and interacts with its substrate-binding region and ATP-
binding pocket [103]. This region also binds calmodulin, thereby allowing for the
regulation of kinase activity. Peptide inhibitors of CaMKII derived from the
sequence between positions 281 and 319 were evaluated, and it was found that pep-
tide 290-309 possessed an ICsy of 52 nM for CaMKII inhibition [104]. The
N-terminal of the CaMKII 290-309 peptide also contains an autophosphorylation
site and has been used to create the autocamtide series of peptide substrates for



Novel Stabilized Peptide Inhibitors of Protein Kinases 157

CaMKII research [105]. By substituting the Thr phosphoacceptor residue for an
Ala, they found that this resulted in highly selective CaMKII pseudosubstrate inhib-
itor peptides AIP [106] and AC3-I [107]. The presence of an alpha-helical portion
of the autoinhibitory sequence adjacent to the pseudosubstrate region identified in
the structure obtained by Rellos et al. suggests that this may be a potential candidate
for design of a hydrocarbon-stapled analog [103].

PKC consists of a family of closely related kinases that contain an N-terminus
autoinhibitory pseudosubstrate sequence. The pseudosubstrate sequence of PKC
was first described in 1987, and a synthetic peptide based on residues 19-36 of this
sequence was found to inhibit PKC with a K; of 150 nM [74]. Due to the similarity
of the pseudosubstrate sequence of the a, p, and y isoforms, this peptide inhibits
these three isoforms with comparable potency. Emphasizing the importance of indi-
vidual amino acids in determining binding and inhibition properties, the Arg at posi-
tion 22 was found to be crucial for activity of this peptide [108]. Attempts have been
made to improve the cell permeability and proteolytic stability of this peptide
through myristoylation [69] and retro-inverso synthesis, respectively [109]. Further,
the difference in the substrate consensus sequence of PKC { was exploited in efforts
to create an isoform-specific inhibitory peptide for PKC [110]. The { inhibitory
peptide (ZIP) was used extensively to investigate the role of PKC { in synaptic plas-
ticity; however, recent work shows that ZIP promiscuously binds all PKC isoforms
and interferes with PKC targeting and localization [111].

Like PKC, the autoinhibitory sequence of PKG is located in the N-terminus of
the same polypeptide containing the catalytic domain; however PKG’s mechanism
of activation is more akin to that of PKA than PKC. The regulatory domain of PKG
shares 28% homology with PKA while the catalytic domain of PKG shares 41%
identity with that of PKA [112]. This is hardly surprising since both PKA and PKG
depend on the binding of cyclic nucleotides to their regulatory regions for activa-
tion. PKGIP is the only member of the six isoforms that contains the prototypical
PKG substrate recognition sequence in its autoinhibitory domain; other PKGs have
only a single basic residue at the P2 or P~* location [113]. This less—than-ideal
pseudosubstrate sequence may reflect a reduced requirement for high-specificity
binding due to fact that the autoinhibitory sequence is located on the same polypep-
tide chain as the catalytic domain.

The remarkable affinity of the PKA pseudosubstrate inhibitors as compared to
other kinases regulated by pseudosubstrates may be due to the fact that the regula-
tory domains of PKA are located on separate proteins and, therefore, require higher
affinity than the autoinhibitory sequences located within the same polypeptide chain
as the kinase domain. Future research into adapting pseudosubstrate inhibitory
domains into effective inhibitory peptides will likely require introduction of point
mutations to increase the affinity of the sequence for the substrate recogni-
tion domain.
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Conclusions

Overall, constrained peptides offer many advantages over nonmodified sequences,
namely the potential for improved cell permeation and proteolytic stability.
However, many challenges still exist. Although hydrocarbon stapling has been
shown to generally improve the extent of cell permeation, peptides may still be
localized within intracellular vesicles and, therefore, cannot reach their target of
interest [5]. As of now, there are no clear design rules to strategically design a highly
cell-permeable hydrocarbon-stapled peptide that has little to no intracellular vesicle
accumulation. Further, an overall negative net charge can be detrimental to perme-
ation and, thus, this strategy may not be amenable for all sequences of interest
[114]. In addition, while the introduction of a synthetic constraint on a helical pep-
tide often results in an analog with enhanced potency for its target due to reinforce-
ment of the peptide conformer in solution, it can also be detrimental to binding. As
shown with the stapled PKI pseudosubstrate peptide [83], our initial design of this
compound resulted in a notable loss of affinity when introducing the peptide staple,
likely by inducing helicity in a portion of the sequence that needed to be nonhelical.
The positioning of the staple is extremely critical since it nucleates helicity around
the staple position [115]. Another limitation of hydrocarbon peptide stapling is the
added effect of enhanced hydrophobicity to the overall physical properties of the
peptide. Since many of these designed peptides are ultimately earmarked to be
assayed in cell-based assays, it is critical to ensure solubility in an aqueous buffer at
a given pH. This step may require further optimization of the peptide sequence itself
of addition of water-solubilizing moieties such as short PEG linkers to promote
hydrophilicity of the compound. Thus, for a sequence of interest, a relatively small
library of analogs may often be required for testing where various factors are modi-
fied such as staple position, overall net charge, hydrophilicity, and its ability to
accumulate in the cellular cytosol.

As a whole, kinases are a rich field for targeting using constrained peptides.
While the kinase domain itself is conserved among the kinase superfamily, kinases
are highly divergent in their modes of regulation, activation, and intracellular loca-
tion. These aspects of kinase control often require shallow binding surfaces on the
kinase itself, and these surfaces are often unique for small kinase subsets. By taking
advantage of these unique regulatory surfaces on kinases, one can strategically
exploit their divergent regulatory mechanisms using peptide-based disruptors that
can competitively target these shallow binding surfaces. As more and more kinase
structures become available, coupled with an increased understanding of kinase
regulation and dynamics, a variety of creative approaches can be taken to target
these regulatory surfaces on a kinase of interest with high selectivity by disrupting
its required processes for activation.
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Abstract Protein kinases are a class of enzymes that modulate the function and
activity of other proteins through phosphorylation. Protein kinases regulate many
aspects of cellular metabolism including signal transduction, transcription, transla-
tion, cell-cycle progression, and biosynthesis. Owing to their profound influence
over such critical cellular processes, mutations or aberrant expression of protein
kinases can have major implications on cell health and viability. Indeed, dysfunc-
tional protein kinase activity has been linked to such pathological conditions as
neurodegeneration, inflammation, autoimmunity, and cancer. Despite their thera-
peutic importance, our ability to target discrete protein kinases using small-
molecule-based inhibitors has been hindered due to high degrees of structural
similarity among protein kinase active sites. Recently, peptides have emerged as
powerful, yet selective, modulators of protein kinase activity by virtue of their abil-
ity to mimic highly specific substrate-interaction domains of protein kinases. This
chapter provides an overview of the development and application of novel peptide-
based protein kinase inhibitors. The goal here is to highlight how the various bind-
ing modes of peptide-based kinase inhibitors and efforts to enhance their binding
affinities have contributed to the understanding of the complex nature of protein
kinase—substrate interactions. Furthermore, the therapeutic relevance of peptide-
based kinase inhibitors is explored, focusing on the advantages and limitations of
such molecules as they are applied in the treatment of kinase-mediated disease.

Keywords Protein kinase - Peptide - Protein kinase inhibitor - Peptide-based
therapeutic - Protein kinase substrate - Peptide-based kinase inhibitor - Protein
kinase interaction domain - Protein-protein interactions
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Introduction

Protein kinases are a major class of regulatory enzymes that catalyze the transfer of
phosphate groups from nucleotides to other proteins. This process, known as phos-
phorylation, results in significant physicochemical changes to the protein being
phosphorylated and can be used as a means to regulate the functional activity of the
modified protein. The human protein kinase superfamily is composed of over 500
genes, which constitutes roughly 2% of the entire human genome [1]. It has also
been estimated that up to 30% of all human proteins are regulated through some
kinase activity [2]. Protein kinases are involved in many aspects of cellular metabo-
lism, controlling elements of transcription, translation, sensory responses, signal
transduction, cell-cycle progression, differentiation, and cell death. Given their role
as key regulators of cellular processes, it is perhaps not surprising that dysregulated
kinase activity is associated with disease pathogenesis. In fact, aberrant kinase func-
tion can result in pathological conditions including diabetes, inflammation, neuro-
degeneration, and cancer [3-6]. As a consequence, protein kinases are now widely
considered to be important targets for therapeutic intervention. Approximately 175
protein kinases are definitively linked to human disease; however, only a small sub-
set of these kinases have been successfully targeted using inhibitor-based therapies
[7]. This has prompted many drug discovery programs to aggressively pursue novel
protein kinases, and it is now projected that members of the human protein kinase
superfamily account for nearly 35% of all new targets screened by the global phar-
maceutical industry.

Contemporary strategies for inhibiting protein kinase activity fall into three gen-
eral categories: (1) using small molecules to compete for the nucleotide-binding site
of the protein kinase [8], (2) clearing the kinase through antibody-mediated deacti-
vation [9], and (3) inhibiting kinase-substrate interactions using molecules that
mimic protein interaction domains [10]. For many years, it was widely accepted that
targeting the nucleotide-binding site of a protein kinase with a small-molecule-
based inhibitor was the most effective way to inhibit kinase activity. Indeed, the vast
majority of protein kinase inhibitors currently available are small molecules that
have been designed to compete with ATP for the nucleotide-binding pocket.
However, high degrees of structural similarity among protein kinase catalytic
domains have made targeting specific kinases with small-molecule-based ATP ana-
logs a major challenge. On top of that, only a small subset of protein kinases associ-
ated with human disease are currently viewed as highly sought-after targets [11]. It
has also been reported that patients treated with small-molecule-based kinase inhib-
itors can develop resistance to such drugs due to high mutation rates within the
ATP-binding pocket of the target kinase [12]. Collectively, these issues have
impeded our ability to treat kinase-related diseases using small-molecule-based
therapies, and there is now considerable effort focused on developing highly selec-
tive and pharmacologically potent inhibitors of protein kinases that are capable of
circumventing such resistance mechanisms.
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One alternative strategy to small-molecule-based kinase inhibition has been to
develop antibodies against protein kinases [9, 13, 14]. The primary objective here is
to use antibodies to target and clear aberrant or dysfunctional protein kinases from
the biological environment using a stimulated immune response. Antibodies are
able to achieve an extremely high level of selectivity against specific biomolecular
targets; however, there are significant technical and physiological drawbacks that
hinder antibody-based approaches to drug development. For example, the large-
scale production of therapeutic antibodies is often costly, and recombinant expres-
sion of antibodies can result in end-product heterogeneity [15]. In addition,
full-length antibodies are relatively large biomolecules (~150,000 Da) that are not
cell permeable, which effectively limits their application to targeting serum proteins
or proteins that contain extracellular domains. Unfortunately, many protein kinases
associated with human disease are intracellular proteins that lack extracellular
domains and are unable to be targeted using antibody-based therapeutics.

Over the past 30 years, researchers have been developing synthetic peptides as a
means to inhibit protein kinase activity. The rationale in this approach is that protein
kinases can be inhibited by physically disrupting the protein-protein interactions
that are required for successful kinase function. Due to their biomimetic nature and
synthetic tractability, peptides are able to display large, solvent-exposed epitopes
that can be engineered to target wide, shallow binding grooves on biomolecular
surfaces. This notion is contrary to small molecules that generally target deep-
binding pockets within enzymes or receptors. As a result, synthetic peptides have
been used to inhibit biomolecular interactions that have proven difficult or impos-
sible to target using small molecules [16]. In addition to their sequence specificity,
peptide scaffolds can be engineered to fold into structures that mimic the architec-
tures of protein-interaction domains [17, 18]. In this context, peptides that structur-
ally mimic the interaction domain of protein kinase substrates can, in theory, be
designed to inhibit virtually any protein kinase-substrate interaction. Furthermore,
modular synthetic strategies used to generate peptides in situ allow for exquisite
control over the final primary sequence. Using rational design, peptide-based
mimetics of protein kinase substrates can be developed to include the phosphoryla-
tion site and the flanking amino acid residues that facilitate highly specific substrate
recognition. Taken together, these features may allow for extraordinary specificity
among peptide-based kinase inhibitors for targeting discrete kinases within com-
plex biological environments. Furthermore, peptide oligomers range in size from
around 2000 to 8000 Da, placing them between small-molecule- and protein-based
therapeutics with respect to mass. By occupying this unique “middle space,” pep-
tides are ideally positioned among other drug candidates for enhanced target speci-
ficity and cell permeability. Moreover, it has been suggested that targeting protein
interaction domains with peptide-based constructs may increase the likelihood of
selective inhibition as such interaction surfaces have greater evolutionary diver-
gence than ligand-binding pockets bound by small molecules [19].

This chapter will focus on the design, synthesis, and characterization of novel
peptide-based kinase inhibitors that have shown success in inhibiting kinase activ-
ity. It will also cover applications of such peptide-based kinase inhibitors as potential
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therapeutics and as chemical genetics agents to study kinase function. Specific top-
ics include (1) peptide-based inhibition of kinase-substrate interactions, (2) enhanc-
ing the specificity of small-molecule-based kinase inhibitors with bifunctional
peptide ligands, and (3) utilizing peptides to disrupt interactions between kinases
and cell-targeting (anchoring) proteins. Finally, current methods to enhance the effi-
cacy of novel peptide-based kinase inhibitors for use in the clinic are explored.

General Organization of Protein Kinase Catalytic Domains

Protein kinases exert their effects by transferring phosphate groups from nucleo-
tides, such as ATP, to side chains of other proteins. Such transphosphorylation
events occur most commonly on serine (Ser), threonine (Thr), and tyrosine (Tyr)
residues, and to a lesser extent on histidine (His) residues [20]. Protein kinases are
broadly classified based on the side chain they phosphorylate. For example, protein
serine/threonine kinases phosphorylate Ser/Thr residues, and protein tyrosine
kinases phosphorylate Tyr residues. Certain kinases, such as the mitogen-activated
protein kinase kinase (MAPKK), can phosphorylate Ser/Thr or Tyr residues and are,
therefore, classified as dual-specificity kinases [21]. Despite having low sequence
homology among different family members, the structures of protein kinase cata-
lytic domains are strikingly similar. Comparative crystallographic, NMR, and com-
putational modeling studies have indicated that the catalytic domains of many
seemingly unrelated kinases have nearly identical three-dimensional architectures
[22, 23]. This domain, colloquially referred to as the “kinase domain,” is approxi-
mately 300 amino acids in length and is composed of an N-terminal lobe, a short
oligomeric hinge region, and a C-terminal lobe [10, 24] (Fig. 1a). The N-terminal
lobe is comprised of a five-stranded f-sheet ($1-5) and two a-helices (aB and aC)
while the C-terminal lobe is largely a-helical and contains four short p-strands. The
hinge region allows for flexibility between the two lobes and is required for catalytic
function [25, 26]. A highly conserved cleft between the two lobes binds the donor
ATP molecule from which the phosphate is transferred. In most Ser/Thr kinases, the
substrate protein binds the C-terminal lobe of the kinase domain along a wide, shal-
low platform that serves as a complementary docking site for the substrate recogni-
tion domain (Fig. 1b) [24, 27]. Importantly, the substrate binds in a conformation
that positions the hydroxyl group of the target phosphorylation site near the
y-phosphate of the bound ATP (Fig. 1c). In some protein kinases, the platform bind-
ing the substrate can be partially formed by a flexible polypeptide sequence known
as the activation loop (A-loop). Many kinases become activated upon phosphoryla-
tion of one or more residues within their A-loop sequences, making the A-loop itself
an important regulatory element of protein kinases [27]. In general, the structural
organization of substrate-binding sites in Tyr kinases is similar to that of Ser/Thr
kinases; however, there are slight differences in the positioning of the nucleotide
and substrate. For instance, the target Tyr side chain is larger than Ser/Thr residues,
and it extends approximately 4 A further into the kinase catalytic domain [22].
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Fig. 1 Three-dimensional structure of a protein kinase catalytic domain. (a) Crystal structure of
cAMP-dependent protein kinase bound to ATP (PDB ID: 1ATP). The N-terminal lobe is shown in
light blue, the hinge region is depicted in magenta, and the C-terminal lobe is colored salmon. A
bound ATP molecule is shown in green. Major secondary structure components for the N- and
C-terminal lobes are indicated. (b) Surface rendering of cAMP-dependent protein kinase bound to
inhibitor peptide PKI (residues 15-24) (PDB ID: 2GFC). The N-terminal lobe is shown in light
blue, the hinge region is depicted in magenta, and the C-terminal lobe is salmon. The bound PKI
substrate molecule is shown in red. The substrate-binding surface for the N- and C-terminal lobes
is shown in yellow. (¢) ATP-binding pocket of cAMP-dependent protein kinase showing ATP
(green) and proximal phosphorylatable Ser residue of target substrate (red)

The catalytic activity of protein kinases is primarily controlled by amino acids
that are distributed throughout the N- and C-terminal lobes. Within the N-terminal
lobe, catalytic and stabilizing residues are primarily localized within the P-loop
(also known as the glycine-rich loop or nucleotide-binding loop), strand 3, and
helix aC. Within the C-terminal lobe, catalytic and stabilizing residues are located
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along the catalytic loop (strands 6 and 7) and the A-loop, which consists of about
20 amino acids located between strand 38, helix oE, and helix aF. Interestingly,
these structural elements have been observed to contain regions of highly conserved
sequence homology across a large number of protein kinases. For instance, the
P-loop includes a consensus sequence of GxGx®G where x is any amino acid and
@ is Tyr or Phe while the catalytic loop contains strictly conserved D or N residues
[28]. Surprisingly, the N-terminal lobe of the protein kinase catalytic domain is
highly dynamic despite being comprised of p-strands that form a relatively ridged
antiparallel p-sheet. This flexibility is thought to enhance the effects of regulatory
proteins that control kinase activity [29]. On the other hand, the C-terminal lobe is
thought to be much less dynamic and serves as the docking platform for protein or
polypeptide substrates. Typically, protein kinase substrates will interact with their
cognate kinase catalytic domains through a short 10-15 amino acid sequence known
as the “consensus sequence.” During kinase-substrate complexation, the N-terminal
region of the consensus sequence binds in a shallow groove between helices aD, aF,
and aG of the C-terminal lobe. Conversely, the C-terminus of the consensus
sequence binds in a configuration such that the residue adjacent to the phosphoryla-
tion site is buried in a pocket (known as the P + 1 loop) located within the C-terminal
domain of the kinase “activation segment.” The activation segment is an important
regulatory element in protein kinases as its conformation influences both substrate
binding and catalytic efficiency [28, 29]. Structurally, the activation segment is
flanked on either side by short amino acid sequences that act as anchoring regions.
In many kinases, these anchoring regions contain a conserved magnesium-binding
Asp-Phe-Gly (DFG) sequence at the N-terminal anchor and an APE, ALE, or SPE
sequence at the C-terminal anchor. The activation segment also contains the A-loop,
which has the most variability among protein kinases in terms of length and
sequence. The A-loop contains Ser, Thr, or Tyr residues that can be autophosphory-
lated or phosphorylated by other protein kinases and effectively controls the cata-
Iytic activity of theenzyme [27, 30]. The specific residue thatbecomes phosphorylated
is known as the “primary phosphorylation site” and can form strong structure-
inducing hydrogen bonds or electrostatic interactions with other side chains once
covalently linked to a phosphate. Depending on its phosphorylation state, the pri-
mary phosphorylation site controls the catalytic activity of the kinase by structurally
organizing the active site, activation loop, and binding surface for substrate recogni-
tion [22, 31].

Rationale for Using Peptide-Based Molecules to Inhibit
Protein Kinases

In spite of a high degree of structural homology among their catalytic domains,
protein kinases demonstrate remarkable selectivity with regard to their target sub-
strates [10, 32]. Certainly, such specificity becomes apparent when one observes the
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enormous number of individual proteins that are targeted and phosphorylated by
specific protein kinases. The specificity of a protein kinase is primarily controlled
by the substrate-binding region located along the N- and C-terminal lobes (Fig. 1b).
In contrast to the highly conserved ATP-binding site, the substrate-binding regions
of protein kinases exhibit remarkable diversity. As described above, this region
forms a shallow platform that serves as a complementary binding site for the target
substrate that will ultimately become phosphorylated [23, 33]. Owing to the remark-
able specificity between protein kinases and their target substrates, researchers are
currently exploring ways to directly interfere with such interactions as a way to
affect kinase inhibition [34, 35]. It should be noted, however, that while much is
known regarding the structure and function of protein kinase nucleotide-binding
sites, comparatively little is known about the vastly diverse substrate-binding
regions. Consequently, novel peptide-based kinase inhibitors may not only hold sig-
nificant therapeutic potential but may also be used as chemical genetics agents to
better understand the molecular nature of kinase-substrate interactions.

Depending on their specific function, protein kinases may interact with various
substrates including small molecules, peptides, proteins, nucleic acids, or other bio-
molecules. In fact, many protein kinases contain additional sites outside the
nucleotide-binding site that may be targeted for allosteric or competitive inhibition
[36, 37]. Kinase-substrate binding interactions are often established through large,
shallow surface areas that have proven difficult or impossible to target using small
molecules. One promising approach to inhibit kinase function has been to inhibit
such interactions using peptide-based mimetics of kinase-substrate interaction
domains. In theory, oligopeptides can be designed to mimic any region of a protein
interaction domain due to their sequence specificity and ability to adopt three
dimensional structures in solution [17, 18, 38]. Furthermore, because kinase speci-
ficity is often relegated through substrate-binding interactions, such peptide-based
mimetics may be able to target discrete protein kinases with greater specificity com-
pared to small-molecule inhibitors that target the nucleotide-binding site of the
kinase catalytic domain.

Inhibiting Kinase-Substrate Interactions Using Synthetic
Peptides

The remarkable selectivity that protein kinases exhibit for their substrates is primar-
ily determined by the ““substrate recognition motif” that contains specialized physi-
cochemical features that influence substrate selection. To enhance specificity,
substrate recognition motifs of protein kinases are composed of amino acids which
form topological surfaces that are complementary to the kinase-binding domains of
cognate substrates. It has, therefore, been reasoned that synthetic peptides derived
from such substrate (or kinase) recognition motifs may act as inhibitors of kinase-
substrate interactions. There are currently three generalizable approaches for
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inhibiting protein kinase activity with peptides that mimic protein interaction
domains (Fig. 2). The first strategy involves using peptides that are derived directly
from interaction domains of protein kinases or their substrates. Such peptides are
often designed to compete for kinase-substrate interaction sites near the kinase cata-
lytic domain (Fig. 1a). A second approach employs the use of so-called pseudosub-
strate peptides that are derived from autoinhibitory domains that lie outside the
kinase catalytic domain (Fig. 2b). Notably, pseudosubstrate-based kinase inhibitors
have been designed to disrupt interactions between protein kinases and their own
A-loop. The third strategy involves using synthetic peptides to disrupt the interac-
tions between protein kinases and protein complexes that are required for kinase
activation (Fig. 2c). It should be mentioned that such peptides inhibit the activation
of protein kinases without directly targeting the active site or autoinhibitory domain
of the kinase itself.

Peptide-Based Kinase Inhibitors That Compete with Protein
Substrates

As mentioned above, the biomimetic nature and sequence specificity of synthetic
peptides facilitates their development as mimetics of protein interaction domains.
Over the past 30 years, many such “substrate-based” kinase inhibitors have been
reported that directly interfere with the interactions between protein kinases and
their cognate substrates [39-42]. In order to compete directly for the protein kinase
active site, substrate-based kinase inhibitors are often designed as direct sequence
mimetics of the substrate consensus sequence. Such peptides are usually designed
to include the phosphorylation site and flanking residues that are critical for specific
kinase recognition. The roots of this approach can be traced back to a seminal paper
from the early 1970s in which Ashby and Walsh reported on the discovery of a
76-amino acid protein (designated PKI, for protein kinase inhibitor) that co-
precipitated with protein kinase A (PKA) [43, 44]. This heat-stable inhibitor was
found to act by binding to the catalytic subunit of PKA, and it was demonstrated that
this protein could inhibit the activity of PKA in several tissues, including heart,
brain, kidney, liver, thymus, and muscle. Despite high inhibitory efficacy, the mech-
anism of PKI-based kinase inhibition was not established until several years later. In
1986, Cheng et al. used an in vitro kinase activity assay to demonstrate that certain
oligopeptides derived from the kinase-binding domain of PKI were effective at
inhibiting PKA [40]. These oligopeptides were derived from the canonical RRNSL
consensus sequence of PKI and contained an Ala residue in place of the phosphor-
acceptor Ser. Such peptides were effective at inhibiting PKA activity at a K; as low
as 0.2 nM. More recent crystallography studies have verified that a 20-residue syn-
thetic peptide derived from the PKI consensus sequence interacts with PKA within
its active site cleft even in the presence of small-molecule-based inhibitors that tar-
get the nucleotide-binding site [33, 45]. Moreover, the co-crystal structure showed
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that specific residues within the consensus sequence are important for kinase recog-
nition and specificity. The PKI peptide (residues 5-24) is now commercially avail-
able and is marketed as a selective peptide-based inhibitor of PKA that exhibits a K;
of 2.3 nM [46].

Other studies have shown that peptides derived from the consensus sequence of
the cAMP-response-element-binding (CREB) protein can be developed as tools to
study the mechanism of substrate phosphorylation by glycogen synthase kinase-3
(GSK-3). GSK-3 is a Ser/Thr kinase that modulates the activity of many proteins
through phosphorylation [47]. An early report from Fiol et al. showed that a
13-amino-acid peptide derived from the SXXXS[p] consensus sequence of CREB
could be used to map the specific site within CREB that is phosphorylated by GSK-3
[48]. In this study, it was demonstrated that the first Ser in the CREB consensus
sequence was the site phosphorylated by GSK-3 and that the second (prephosphory-
lated) Ser acts as a priming site. It was also shown here that phosphorylation of the
priming site was required for GSK-3 to phosphorylate the second Ser within the
consensus sequence. Later studies showed that synthetic peptides derived from
primed GSK-3 substrates, including CREB and heat shock factor-1 (HSF-1), could
be developed as highly potent inhibitors of GSK-3 in vitro and in vivo. For example,
Plotkin et al. developed a novel class of phosphorylated peptide-based inhibitors of
GSK-3 that compete with natural substrate [42]. Here, the authors showed that pep-
tides derived from the GSK-3-binding regions of HSF-1 activated glycogen syn-
thase 2.5-fold over background in HEK293 cells and increased glucose uptake in
primary mouse adipocytes. The mechanism of action was presumed to be through
inhibition of GSK-3.

Peptides have also been used as substrate-based inhibitors of protein kinases that
have been implicated in neurodegenerative disease. Alqaeisoom et al. recently
reported on the development of a peptide-based kinase inhibitor that suppresses the
activity of the microtubule affinity regulating kinase (MARK) proteins [39]. The
MARK proteins (MARK1-4) are a family of Ser/Thr kinases that phosphorylate the
microtubule-associated protein tau within its microtubule-binding repeat (R)
domains [49]. Tau is a phosphoprotein that contains up to 79 potential phosphoryla-
tion sites on its longest isoform, 30 of which are phosphorylated under normal phys-
iological conditions [50]. Unfortunately, aberrant or dysregulated MARK activity
can result in hyperphosphorylated tau isoforms that aggregate into insoluble oligo-
mers known as neurofibrillary tangles. Such tau aggregates have been suspected as
the pathological agents responsible for the onset of neurodegenerative disorders,
including Alzheimer’s disease [51, 52], and kinases involved in tau phosphorylation
are now considered important targets for therapeutic intervention. In this study, the
authors designed a 13-amino-acid peptide (designated tR1) that was a direct
sequence mimetic of the tau R1 domain (residues 244-274), a region known to be
phosphorylated by MARK?2. The tR1 peptide was found to selectively inhibit the
MARK?2-mediated phosphorylation of tau at Ser262 both in vitro and in cultured
primary neurons at concentrations as low as 1 pM. Because tR1 was designed as a
direct sequence mimetic of the tau R1 domain, these results strongly suggested that
tR1 acts to inhibit kinase activity by directly competing with the R1-binding site of
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MARK?2. Furthermore, tR1 was found to be selective for MARK family proteins as
it did not inhibit kinases such as GSK-3f from phosphorylating tau at other sites.

Pseudosubstrate-Based Kinase Inhibitors

In addition to competing directly for the substrate-binding site of protein kinases,
peptide-based kinase inhibitors have also been developed from autoinhibitory
sequences that are located outside the kinase catalytic domain. Many protein kinases
are retained in catalytically inactive states by autoinhibitory regions known as
“pseudosubstrate domains” [53] and become active only following interaction with
a ligand or phosphorylation. Such activation typically occurs through the displace-
ment of the autoinhibitory domain by a peptide substrate or phosphorylation of
priming sites within the autoinhibitory region. Structurally, the pseudosubstrate
domain is a short sequence of amino acids that mimics the substrate of the protein
kinase and extends into the binding cavity of the catalytic domain. In many cases,
the corresponding phosphor-acceptor residue of the kinase substrate is replaced by
a nonphosphorylatable amino acid within the pseudosubstrate sequence. Mutations
or deletions within the pseudosubstrate domain can result in kinase isoforms that
are constitutively active, leading to dysfunctional or aberrant kinase signaling [54,
55]. It has, therefore, been reasoned that synthetic peptides designed to mimic pseu-
dosubstrate domains can be used to maintain hyperactive kinases in their inactive
states and may serve as potential therapeutics in the treatment of kinase-related
disease.

Over the past several decades, considerable effort has been invested in develop-
ing peptide-based kinase inhibitors that are derived from pseudosubstrate domains.
Indeed, oligopeptide sequences derived from pseudosubstrate domains represent
arguably one of the largest classes of peptide-based kinase inhibitor reported in the
literature. The concept of developing pseudosubstrate-based peptides as kinase
inhibitors has been explored since the late 1980s. Historically, such constructs were
used to determine the roles these domains played in regulating kinase activity [56,
57]. However, more recent studies have utilized pseudosubstrate-based peptides to
directly inhibit the activity of protein kinases. One of the earliest examples of this
approach was reported in 1993 by Eichholtz et al [41]. In this study, the authors
developed a short peptide derived from the pseudosubstrate region of PKC (residues
20-28) as an inhibitor of PKC-mediated phosphorylation of protein substrates.
Earlier studies that used synthetic peptides derived from the pseudosubstrate domain
of PKC to inhibit of PKC activity in vitro had been reported [57]; however, their use
in vivo was found to be somewhat limited due to membrane impermeability. In the
Eichholtz study, the authors demonstrated that myristoylated peptides derived from
the pseudosubstrate domain of PKC were effective at inhibiting the PKC-mediated
phosphorylation of myristoylated alanine-rich C kinase substrate (MARCKS) pro-
teins and suppressing activation of phospholipase D in human fibroblasts. These
inhibitory effects were not observed in nonmyristoylated peptides, indicating that
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myristoylation could be used to enhance the cell permeability and inhibitory activity
of novel peptide-based kinase inhibitors.

A similar peptide-based kinase inhibitor derived from the pseudosubstrate
domain of PKC was used by Walaas et al. in 1997 to study whether PKC is linked
to the insulin-mediated translocation of glucose transporters in living cells [58]. It
had been shown previously that broad-spectrum kinase inhibitors, such as stauro-
sporine and sphingosine, inhibited insulin-stimulated glucose transport [59].
However, such inhibitors lack specificity and were, therefore, unable to link PKC
definitively to this phenomenon. The authors of the Walaas study noted that syn-
thetic peptides derived from the PKC pseudosubstrate domain act as highly specific
inhibitors of PKC and hypothesized that such peptides could be utilized to study
how PKC affects the insulin-mediated translocation of GLUT4. In this report,
Walaas et al. showed that the PKC pseudosubstrate peptide was able to inhibit the
insulin-mediated increase of GLUT4 in the plasma membranes of SLO-
permeabilized rat adipocytes in a concentration-dependent manner. This transloca-
tion effect was specifically linked to PKC as PKI-derived inhibitor peptides of PKA
had no effect on PKC activity or GLUT4 translocation. More subtly, this study
underscored the importance of utilizing highly specific inhibitors to elucidate the
effects of select protein kinases on cellular functions.

In addition to inhibiting Ser/Thr kinases, pseudosubstrate-based kinase inhibi-
tors have also been developed against tyrosine kinases. Using a rational design
approach, Kamath et al. developed a potent and specific peptide-based inhibitor of
the protein tyrosine kinase p60°5 [60]. The p60c-S© protein is a cytoplasmic nonre-
ceptor tyrosine kinase that is a product of the proto-oncogene c-Src [61]. Using a
known peptide substrate for c-Src as a template, the authors developed a series of
pseudosubstrate-based peptides that were able to inhibit the activity of p60~5« at
concentrations as low as 0.6 pM when tested in in vitro phosphorylation assays. The
inhibitory hexapeptide sequence (CIYKYY) was modeled from the p60<5 sub-
strate MIYKYYF following an alanine scan that identified I?, Y?, Y®, and F’ as resi-
dues critical for activity. In contrast, no inhibition was detected in either Lyn or Lck
tyrosine kinases, indicating that this peptide is selective for p60cS©. This study was
notable because it was one of the first reports to expand the utility of peptide-based
kinase inhibitors beyond Ser/Thr kinases by demonstrating that such constructs
could be used to inhibit protein tyrosine kinases.

Inhibitory peptides based on pseudosubstrate domains have also been used as
molecular tools to study conformational changes within protein kinases.
Crystallographic data have shown that the catalytic subunit of PKA undergoes
dramatic structural changes upon binding to nucleotides or inhibitors [62]. To
investigate the underlying molecular mechanisms of these conformational
changes, Zimmerman et al. published a study where they used surface plasmon
resonance (SPR) to monitor binding of two separate pseudosubstrate inhibitors to
PKA in the presence of nucleotides and divalent metal ions [63]. Here, the authors
used the heat-stable PKA inhibitor peptide PKI [40] and a truncated form of the
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bovine type I regulatory (R) subunit (RIa-92-260) in a detailed binding study that
evaluated how nucleotides and metal ions influence the binding of PKA to
pseudosubstrate-based peptide inhibitors. Interestingly, the authors reported that
binding of each peptide to PKA was dependent on the concentration of divalent
metal ions and independent on the concentration of nucleotides. High-resolution
crystal structures of PKA had previously shown that the catalytic domain contains
two metal ion—binding sites; however, the importance of these metal ions on sub-
strate binding had not yet been elucidated. In this work, the authors demonstrated
that a stable complex between the PKA catalytic subunit, the pseudosubstrate
inhibitor, and type I regulatory subunit (RI) only occurred in the presence of both
ATP and Mg?*. Furthermore, the authors showed that the concentration of Mg>*
had almost no influence on the association rate constant. However, the authors did
observe that the dissociation rate of PKI from PKA was strongly influenced by
Mg?* ions. Specifically, higher concentrations of ions (up to 10 mM) caused the
fast dissociation phase (ranging from 8 x 1072 to 2 x 102 s7!) to transiently modu-
late to a slow dissociation phase (ranging from 1.5 x 107 to 5 x 107* s7!). The
authors speculated that the influence of higher concentrations of Mg?* on the dis-
sociation rate constant may be attributed to the occupation of the second metal-
binding site in the catalytic subunit. Importantly, this study demonstrated the
utility of using pseudosubstrate peptide-based kinase inhibitors as tools to study
the conformational changes and structural dynamics of protein kinase catalytic
domains.

In 2015, Harrington et al. published a report on the development of single mol-
ecule, nanopore-based assays for the evaluation of Pim kinase inhibitors [64]. Pim
kinases are a family of constitutively active Ser/Thr kinases that promote growth
factor—independent cell proliferation through the phosphorylation of cellular pro-
teins. There is considerable interest in developing selective inhibitors of Pim kinases
as their overexpression has been linked to a number of solid-tissue cancers and
leukemias [65]. In this elegant study, the authors applied a novel engineering tech-
nique known as “stochastic sensing” to produce heptameric alpha-hemolysin («HL)
pores that contained a single subunit that included a peptide sensor element (Fig. 3).
By monitoring the current flow through a single pore in an artificial membrane
under applied potential, the authors were able to monitor the binding of analytes to
the pore or membrane. This unique assay was then used to develop a pseudosubstrate-
based analog of the Pim protein consensus sequence (designated ‘“Pimtide”) as the
sensor element. The authors were able to measure the binding of Pim-1 to the
pseudosubstrate-based peptide in the presence of ATP without subsequent phos-
phorylation of the substrate. This approach was used to observe synergistic binding
of the kinase to the pseudosubstrate-based sensor in the presence of ATP and to
further evaluate competitive ATP-based inhibitors of Pim kinases. Notably, the
authors were able to identify a potent small-molecule-based inhibitor that previous
kinase activity assays had been unable to identify.
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Fig. 3 Design and characterization of a single-molecule engineered nanopore sensor. (a)
Schematic illustration of the protease-cleaved sensor indicating the location of the pseudosubstrate
element (purple) flanked by Ser/Gly linkers (green) and a TEV protease recognition site (red). (b)
Design of the TEV protease-cleavable frans loop fusion within the nanopore sensor. Kinetic model
for the analysis of the observed current signal through the nanopore sensor in the presence of the
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blocked current level of the pore due to occlusion by the attached peptide. State O, corresponds to
the open pore that is not bound to a kinase, and O, corresponds to the open pore with a kinase
molecule bound to the sensor peptide. (¢) Representative current traces of the nanopore sensor
under an applied potential of —50 mM before (above) and after (below) the addition of 81 nM
Pim-1 in the chamber. Figure adapted with permission [64]

Peptide-Based Kinase Inhibitors Targeting Docking Sites

Aside from ligand-induced structural changes within their catalytic subunits, the
activities of protein kinases are also regulated through interactions with large, mul-
tiprotein complexes that work in concert to control kinase function [66]. In general,
the regions of protein kinases that participate in interactions with other regulatory
proteins are distinct from the nucleotide- or substrate-binding sites. These areas,
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colloquially known as “docking sites,” promote association between kinases and
other biomolecules including protein substrates, peptide regulators, small-molecule
metabolites, or activation complexes [10]. Docking sites are believed to tether oth-
erwise low-specificity catalytic domains of protein kinases to cognate substrates
and enhance the specificity of signal transmission between cells [67]. Due to their
significant level of influence over the activation of protein kinases, docking sites are
now being exploited as a means to modulate protein kinase activity. In this context,
peptide-based molecules that mimic the structures and sequences of docking sites
have been shown to act as selective inhibitors of kinase function.

Docking interactions between protein kinases and other proteins can occur at
multiple nodes along kinase signaling pathways [68]. For example, docking interac-
tions are prominent at several steps of the mitogen-activated protein kinase (MAPK)
signaling cascade (Fig. 4). This well-studied pathway is critical to the transmission
of signals received at the cell surface by growth factors, hormones, or developmen-
tal regulators. Stimulation of the MAPK signal transduction cascade ultimately
leads to the regulation of important biological processes including gene expression
[69]. While other proteins are involved in the MAPK signaling cascade, the MAPK
protein (originally called extracellular signal-regulating kinase [ERK]) plays a cru-
cial role by phosphorylating multiple downstream substrates such as RSK, MSK,
MNEK, and MKS35 [70]. Importantly, docking interactions between proteins involved
in these networks, including the MEK-mediated activation of MAPK, are critical
for proper resolution of this signaling cascade. It has been shown previously that
MEK proteins and their MAPK substrates contain short docking motifs, often
referred to as “D-sites,” that bind to complementary regions on MAPK [71]. Over
the past 10 years, researchers have used such docking sites to design peptide-based
kinase inhibitors that disrupt interactions between protein kinases and proteins that
target the D-site. For example, in 2009 Bardwell and coworkers used synthetic pep-
tides based on D-sites derived from MEK proteins to characterize the selectivity of
the interaction between MEK proteins and MAPKs [72]. Because D-sites are found
in both MEK proteins and MAPK substrates, the authors reasoned that peptides
derived from either protein may inhibit MAPK binding. In this study, the authors
developed a small library of peptides modeled from the D-sites of several MEK
proteins including MEK1, MEK2, MKK3, MKK4, and MKK6. The MEK D-site
sequence consists of a cluster of basic residues, a short amino acid spacer and motif
comprised of a hydrophobic-X-hydrophobic amino acid sequence: K/R, s—X;_¢—¢p—
X—¢ (where X constitutes any amino acid and ¢ constitutes any hydrophobic amino
acid). Using this model sequence as a starting point, the authors developed a small
library of MEK D-site peptides that were able to inhibit the phosphorylation of vari-
ous downstream MAPK targets including MEF2A, ATF2, and Elk-1. The authors
utilized competitive inhibition assays to quantify the binding of specific D-site pep-
tides to target MAPK proteins. Peptides derived from MEK protein—docking sites
were able to inhibit MAPK proteins from phosphorylating substrates at concentra-
tions in the low-to-mid pM range. These results indicated that similar MAPK
D-sites are shared among different MEK proteins and MAPK substrates. The
authors also hypothesized that because D-sites of human MEK proteins are derived
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Fig. 4 The MAPK/ERK signal transduction cascade. Growth factors stimulate the MAPK/ERK
pathway though interaction with growth factor receptors on the cell surface. Ligand binding initi-
ates phosphorylation of the growth factor receptor, which leads to the activation of the small
G-protein Ras via interaction with GRB2 and adaptor proteins. Subsequent downstream phos-
phorylation of key proteins Raf (MAPKKK), MEK (MAPKK), and ERK (MAPK) results in acti-
vated ERK translocating to the nucleus where it initiates transcription of growth factor—responsive
genes by phosphorylating specific transcription factors. Figure adapted from Kim et al. [127]

from a similar sequence class (K/R, ;—X;_s—¢p—X—¢), D-sites may only contribute to
binding energy and not to specificity. However, results from this study suggested
that peptides derived from MEK protein D-sites are moderately selective for their
cognate MAPK substrates and contribute to overall kinase specificity. Taken
together, these findings support a “double selection” model of kinase-substrate
interaction in which docking sites and catalytic domains jointly contribute to kinase
recognition.

Peptides that inhibit protein kinase activity by targeting docking sites have also
been developed against c-Jun N-terminal kinase (JNK) proteins. JNKI is abnor-
mally elevated in certain tissues under diabetic conditions, which can cause
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constitutive activation of the JNK pathway. Because activation of the JNK pathway
interferes with the function of $-cells and mitigates insulin action [73], it has been
speculated that JNK1 plays an important role in establishing insulin resistance. In
2004, Kaneto et al. reported on the development of a novel, 20-amino-acid JNK-
inhibitory peptide derived from the JNK-binding domain of the JNK-interacting
protein-1 (JIP1) [74]. To enhance cell permeability, the authors covalently linked
the peptide inhibitor to a 10-amino-acid carrier peptide based on the HIV-TAT
sequence [75, 76]. To assess cell uptake and delivery, the peptide was further conju-
gated to a fluorescein isothiocyanate (FITC) tracer. Following development of the
JIP1-HIV-TAT-FITC construct, the authors treated diabetic mice with the peptide at
10 mg/kg and monitored its accumulation in insulin target organs including the
liver, fat, and muscle. The authors also found that the nonfasting blood glucose lev-
els in mice treated with the JIP1-HIV-TAT-FITC peptide were significantly lower
than untreated controls. The authors further demonstrated that glucose tolerance in
JIP1-HIV-TAT-FITC-treated mice could be ameliorated. These results support the
notions that the JINK pathway is involved in the exacerbation of diabetes and that
suppression of the JNK pathway could be a viable therapeutic route to treat blood
glucose disorders.

In 2016, a highly selective inhibitor of PKC delta (SPKC) based on
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was identified by Qvit et al
[77]. GAPDH is a known substrate of SPKC and plays a (noncatalytic) role in
inducing mitochondrial elimination under oxidative stress [78]. In this study, the
authors were interested in elucidating the mechanism by which oxidative stress
inhibits the protective GAPDH-mediated elimination of damaged mitochondria.
Using rational design, Qvit and coworkers developed a peptide (designated
YGAPDH) that was a direct sequence mimetic of the GAPDH-docking site on
OPKC. The authors reasoned that the wWGAPDH-docking site on SPKC may have an
analogous sequence to GAPDH similar to how the pseudosubstrate domain of
OPKC mimics the phosphor acceptor sequence within the substrate. Here, it was
determined that the wGAPDH peptide inhibited SPKC-GAPDH interactions and
subsequent phosphorylation of GAPDH in vitro at concentrations as low as 1 pM. In
addition, the authors showed that the yGAPDH peptide could be used to inhibit
GAPDH oligomerization and GAPDH-mediated glycolytic activity. It was also
demonstrated in this study that the yGAPDH peptide did not affect the phosphory-
lation of five other SPKC substrates in whole-cell lysates. Finally, the authors
showed that a wGAPDH peptide conjugated to the cell-permeable peptide TAT
(47-57) acted as an inhibitor of the elimination of damaged mitochondria in cardiac
HOC?2 cells following oxidative stress. This result suggested a possible therapeutic
use for this peptide to treat complications associated with cell injury.

Similar strategies have been used to develop peptide-based kinase inhibitors that
are directly derived from docking sites on the kinase itself. In this approach, the
inhibitory peptide does not target the kinase but rather the docking site of the protein
complex to which the kinase binds. One of the earliest examples of this strategy was
reported in 2002 by Kelemen et al. [79] Here, the authors were interested in disrupt-
ing the interaction between the MAPK protein ERK and its cognate upstream kinase
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MEK. The authors reasoned that a peptide derived from docking domains of either
protein could theoretically block activation of the downstream protein kinase. To
evaluate this hypothesis, the authors developed a 13-amino-acid peptide corre-
sponding to the N-terminus of MEK1 (MPKKKPTPIQLNP), a region known to be
involved in facilitating MEK-ERK interactions [80]. This peptide was designed spe-
cifically to bind and inhibit ERK activation in vitro and in cultured mammalian
cells. In vitro fluorescence anisotropy studies showed that the peptide bound ERK
with a K, of approximately 77 nM and that the peptide co-precipitated with ERK
proteins from whole-cell lysates. Furthermore, the authors showed that the MEK1-
derived peptide inhibited growth factor—stimulated ERK activation in PC12 cells at
concentrations between 5 and 50 pM but did not affect the activity of other kinases
in similar assays. In order to facilitate translocation of the peptide across the cell
membrane, the authors developed a series of modified ERK inhibitor peptides that
contained translocation sequences derived from HIV-TAT or antennapedia [75, 81].
Studies evaluating cell uptake showed that fluorescently labeled MEK1 peptides
containing the transduction domains were internalized by NIH 3T3 cells and were
distributed throughout the cytosol in patterns that were similar to inactive (cytoplas-
mic) ERK but different from active (nuclear) ERK. The authors also found that the
cell-permeable peptides were able to inhibit ERK activation in growth factor—stimu-
lated NIH 3T3 and PC12 cells at concentrations ranging from 29 to 45 pM. Finally,
the authors confirmed the inhibitory effects of the MEK1 peptide by observing a
significant decrease in the transcriptional activity ELK1, a downstream effector of
ERK. Notably, these results were among the first examples of using a peptide-based
kinase inhibitor that was derived directly from a kinase to inhibit the phosphoryla-
tion (activation) of a downstream substrate.

Another example of using kinase-derived peptides to inhibit signal transduction
includes a report by Niv et al. In this study, the authors analyzed specific subdo-
mains of various protein kinases and studied their involvement in protein-protein
interactions. This technology, dubbed “KinAce,” was used as a platform to develop
inhibitory peptides that could modulate kinase-dependent signaling pathways [82].
More specifically, the KinAce strategy combines bioinformatics and crystallo-
graphic data to identify sequence variability within structurally conserved regions
of protein kinase catalytic domains. Regions of interest included subdomain V (the
aD region), the loop between subdomains IX and X (the HJ loop), and subdomain
X (the aG helix). The variable sequences were then used as leads in the develop-
ment of highly specific peptide-based kinase inhibitors. Importantly, the structured
regions identified by KinAce are common to all protein kinases and share similar
architectures. Despite sharing a common three-dimensional framework across mul-
tiple protein kinases, the authors showed that the KinAce regions contained patches
of hypervariable sequences that were interspaced with highly conserved residues.
Interestingly, it was shown that the conserved regions are often buried within the
kinase active site, while the variable regions are solvent-exposed. The authors rea-
soned that this variability may be important for recognition of specific kinase sub-
strates and that peptides derived from these regions could be effective at blocking
upstream kinase activity. In this study, short myristoylated peptides derived from the
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target regions of the Tyr kinases c-Kit and Lyn, and the Ser/Thr kinases PDK1 and
PKB were developed. For their inhibition studies, the authors synthesized a library
of peptide oligomers derived from subdomains V and IX-X. Importantly, the pep-
tides were designed to span the entire KinAce region and partially overlap.
Furthermore, each peptide included several residues from the variable binding sites.
The authors derived and synthesized an average of 15-30 peptides each from the
protein kinases c-Kit, Lyn, PDK1, and PKB and found that 33% of the peptides
derived from HJ-aG, oD, or both regions had some inhibitory activity. More specifi-
cally, the authors showed that a peptide derived from the aD region of c-Kit selec-
tively inhibited SCF-induced transphosphorylation with an ICs, value of
7 pM. Peptides derived from the HJ-aG region of PDK1 significantly reduced the
phosphorylation of PKB in DU-145 prostate cancer cells and inhibited cell prolif-
eration at concentrations in the low- to mid-pM range. Furthermore, the authors
demonstrated that peptides derived from the HJ-aG region of PKB successfully
inhibited the phosphorylation of the PKB substrate GSK3. Finally, the authors
showed that a peptide derived from the subdomain III of HJ-aG region of Lyn was
effective at inhibiting phosphorylation of Syk and Lyn in a dose-dependent manner,
yielding 80-90% inhibition at concentrations of 5 pM. Notably, none of the screened
peptides had any inhibitory effect on other kinases from which they were not
derived. The authors were keen to note that in addition to being used to develop
highly effective peptide-based kinase inhibitors, the KinAce approach could be
extended to be used as a way to screen discrete regions of kinases for their contribu-
tion to specific diseases (KinScreen). For example, the peptides developed using
KinAce could potentially be used to rapidly test the influence of certain kinases on
the growth, differentiation, and metabolism of cancer cells. In this context, inhibi-
tion of some metabolic process by a KinAce peptide may indicate a connection
between that pathway and the specific region of the kinase from which the peptide
was derived.

More recently, Oguiza and coworkers showed that a peptide derived from the
NEMO-binding domain (NBD) of nuclear factor-kB kinase (IKK) could protect
against diabetes-associated neuropathy and atherosclerosis in mouse models of type
1 diabetes [83]. The IKK complex is formed by two catalytic subunits (IKKo and
IKKp) and a regulatory subunit (NF-kB essential modulator [NEMO]). Both IKKa
and IKKp share a high degree of structural homology; each is composed of an
N-terminal kinase domain, a central leucine zipper/helix-loop-helix dimerization
domain, and a carboxy-terminal NEMO-binding domain [84]. The N-terminus of
NEMO binds to the NBD sequences on IKK, leaving the rest of NEMO accessible
for interacting with regulatory proteins. Structurally, the NBD peptide developed by
Oguiza et al. is a single peptide oligomer comprised of three distinct regions: an
N-terminal octalysine (Kjg) cell-penetrating peptide, a short diglycine linker (GG),
and a C-terminal sequence mimetic of the NEMO inhibitory peptide. Notably, this
peptide construct inhibited the canonical NF-kB pathway and ameliorated renal
dysfunction in diabetic mice. Interestingly, the authors observed that the NBD pep-
tide did not affect the metabolic severity of diabetes, which was evidenced by no
significant change in hyperglycemia, lipid profile, or body weight in treated versus
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untreated mice. However, the authors found that the NBD peptide did demonstrate
renal histological improvement without any observable toxicity, liver damage, or
other obvious side effects. Kidneys from NBD-peptide-treated mice displayed
decreased intranuclear NF-kB activity and reduced atherosclerotic plaque size com-
pared to untreated controls. More specifically, the authors observed that the in vitro
treatment of cultured vascular smooth muscle cells with NBD peptides showed
reduced nuclear translocation of the p65 subunit after high glucose stimulation.
Real-time PCR showed that the NBD peptide inhibits the expression of NF-kB-
dependent genes including Ccl2, Ccl5, and Tnfa. Furthermore, the authors detected
indirect action of the NBD peptide on systemic inflammation, which was evidenced
by reduced splenic expression of proinflammatory TH1 cytokines but not antiin-
flammatory Th32 genes. Taken together, these results suggested that the NBD pep-
tide is capable of ameliorating NF-kB-dependent inflammation and can inhibit
detrimental physiological effects of diabetes, including renal damage and athero-
sclerosis. These results also indicated that peptide-based kinase inhibitors do not
necessarily need to compete with docking sites on protein kinases to affect inhibi-
tion of their function. Instead, they may be able to inhibit the formation of protein
kinase complexes by mimicking a docking region of one of the individual complex
components. This strategy may be exploited to affect (indirect) inhibition that only
affects the kinase function when it is in the presence of a larger complex, thus
enhancing selective activity of the kinase inhibitor.

It is perhaps worth noting that disrupting the docking interactions between pro-
tein kinases and their activation complexes can be used as a means to prevent the
phosphorylation of downstream substrates without significantly affecting the over-
all activity of the kinase itself. This is because protein kinases bound to larger com-
plexes often function differently than their free-form state [85]. In this context,
signaling pathways that require kinases to be bound to larger protein complexes
may be functionally separated from other cascades that are regulated by the free-
form kinase. Selectively inhibiting interactions between kinases and their activation
complexes may, therefore, be used as a means to block phosphorylation of one
substrate but not another. Furthermore, as the studies outlined in this section have
indicated, peptides that block interactions between protein kinases and their activa-
tors may be more effective at inhibiting overall kinase activity than those that block
interactions between the kinase and its cognate substrates. This is likely because
protein kinase substrates (and by extension their peptide-based mimetics) have
comparatively low affinity for protein kinases. Targeting regions of higher binding
affinity, such as those between protein kinases and their activator proteins, may
facilitate the development of higher-affinity binders that inhibit kinase activity with
greater specificity. Moreover, such constructs may be useful as tools to help dissect
the complexities of redundant or parallel kinase signaling cascades in living systems.



Novel Peptide-Based Inhibitors of Protein Kinases 189
Inhibiting Kinase Activity Using Hetero-Bivalent Peptides

Despite an increasing number of reports documenting the efficacy of peptide-based
kinase inhibitors, targeting the nucleotide-binding pocket of protein kinases with
small molecules remains the most widely used approach to suppress kinase activity.
Nevertheless, the specificity of such small-molecule-based kinase inhibitors is often
poor due to the high degree of structural similarity between protein kinase catalytic
domains [10, 24]. This issue has prompted researchers to explore alternative
approaches to enhance the specificity and efficacy of small-molecule-based kinase
inhibitors. One promising strategy has been to design bivalent constructs that cova-
lently link peptide mimetics of kinase substrates to small molecules that target the
nucleotide-binding site. In principle, such “hetero-bivalent” inhibitors can simulta-
neously target the nucleotide-binding pocket and the substrate-binding domain
located on the surface of the kinase [86] (Fig. 5). This strategy, therefore, allows for
targeting of the protein kinase with a high-affinity (but low specificity) small mol-
ecule and a highly specific (but low affinity) peptide-based substrate mimetic.

One of the earliest applications that used hetero-bivalent constructs to affect
kinase inhibition was reported in 1991 when Ricouart et al. developed a bifunctional
ligand designed to inhibit protein kinase C (PKC) [87]. In this work, an inhibitor
comprised of a short pseudosubstrate peptide (Ser-Args) designed to target the
substrate-binding site of PKC was covalently linked to an isoquinoline-5-
sulfanamide ATP mimetic through a -Ala linker. In vitro phosphorylation assays
showed that the bisubstrate inhibitor was 67-fold more potent than the isoquinoline-5-
sulfanamide alone. Notably, the enhanced potency was only observed when the two
substrate components were linked, demonstrating the utility of the bivalent approach
for inhibiting kinase activity.

More recent studies have used similar bivalent ligands to enhance the specificity
of broad-spectrum kinase inhibitors such as staurosporine and PP2. Staurosporine is
an alkaloid natural product that acts as an inhibitor of numerous kinases including
PKA, PKC, CK1, CK2, and MAPK [88]. Staurosporine competes for the nucleotide-
binding pocket of protein kinases and has been shown to have higher affinity for
certain kinases compared to ATP [89]. In an effort to enhance specificity of this
broad-spectrum kinase inhibitor, Meyer et al. conjugated staurosporine to a cyclic
peptide ligand that was highly specific for PKA [90]. In this study, the authors used
an innovative strategy to design a hetero-bivalent peptide-based kinase inhibitor that
required no previous structural or sequence data. The inhibitor was initially devel-
oped by covalently linking a highly promiscuous analog of staurosporine to the
protein Jun and generating a cyclic peptide library that was covalently linked to the
protein Fos. Association of the two ligands was then afforded through the natural
self-assembly of the Fos and Jun proteins (Fig. 6a). Phage display was then used to
select for cyclic peptides that displayed micromolar affinity for PKA. The selected
peptide was identified and subsequently conjugated to staurosporine though a PEG
linker to generate the final bisubstrate conjugate (Fig. 6b). The authors observed
that the respective inhibitory potency of the hetero-bivalent ligand increased 93-fold
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over staurosporine and 21,000-fold compared to nonconjugated peptide. Moreover,
the bivalent inhibitor showed remarkable in vitro selectivity toward PKA over a
panel of six different kinases including ASKI, c-Src, and Mnk2 (Fig. 6c).
Importantly, this strategy demonstrated the efficacy of enhancing the specificity of
broad-spectrum kinase inhibitors by conjugating them to peptides that target spe-
cific sites within kinase catalytic domains.
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inhibition of PKA by inhibitor 4, but not with compound 2. Inhibition of kinase activity was found
to be selective for PKA. Figure adapted with permission [90]
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PP2 is a pyrazole-based small molecule that has seen use in cancer research as an
inhibitor of Src family kinases. While this compound was initially believed to be
specific for Src family kinases, more recent studies have indicated that this com-
pound is nonselective and can inhibit other kinase families with similar efficacy
[91]. In 2015, Brandvold et al. used a derivative of PP2 and a Src peptide substrate
to develop a highly specific, cell-permeable bisubstrate inhibitor of c-Src [92]. In
this study, click chemistry was used to covalently link an alkyne-containing PP2
derivative to a consensus c-Src substrate sequence through a 1,2,3 triazole linkage.
To facilitate conjugation, the authors replaced the phosphorylatable Tyr within the
peptide sequence with a 4-aminophenylalanine residue that was subsequently acyl-
ated with an azide-functionalized linker. The authors obtained a K, value of 0.28 nM
for this inhibitor, which was 1300-fold more potent than the PP2 derivative and
1100-fold more potent than the peptide fragment alone. To evaluate specificity, the
bisubstrate compound was screened in an in vitro competitive binding assay against
213 kinases. Here, the authors found that only two kinases (c-Src and a close homo-
log c-Yes) were bound by the bisubstrate inhibitor. To enhance the biological effi-
cacy of the inhibitor, the authors appended the substrate with a polyarginine (Argy)
tag that is commonly used to enhance the cell permeability of peptides and proteins
[76]. The authors noted that the addition of the Arg, tag did impart cell permeability
to the construct but had little impact on its affinity for c-Src. Furthermore, the cell-
permeable bisubstrate construct inhibited the growth of the c-Src-dependent cancer
cell lines HT-29 and SKBR3 but did not impact on the growth of c-Src-independent
cell lines MCF-7 and T47D.

Researchers have also used peptide-based bisubstrate ligands as inhibitors of
effector kinases along the Ras-RAF-MEK-ERK signaling cascade (Fig. 4). A recent
study by Lechtenberg et al. used a structure-guided approach to develop a potent
and selective inhibitor of ERK1/2 [93]. In this work, the authors linked a small mol-
ecule known to target the ATP-binding site of ERK1/2 to a peptide that would target
the D-recruitment site (DRS) of ERK1/2. The small molecule chosen for the study
was FR180204, a pyrazole-based semiselective ERK inhibitor that targets ERK2
with an ICs, of approximately 1 pM [94]. Despite relatively low binding affinity, the
authors noted that FR180204 displays 10- to 30-fold selectivity over related p38a
MAPK proteins. Here, the authors developed two hetero-bivalent inhibitors based
on previous structural analysis of ERK?2 in complex with its cognate substrates. To
develop the first construct (designated SP1), the authors used the minimal C-terminal
D-site peptide (residues 119-130) of PEAIS, a protein known to interact with
ERK1/2 [95]. It was demonstrated here that SP1 targeted ERK2 with an ICs, of
0.7 pM, representing a modest increase in affinity over FR180204 alone. For their
second construct (SP2), the authors chose the D-site peptide of the ERK substrate
RSKI1 (residues 713-729) that was appended with the HIV-TAT transactivation
domain [75, 76]. Both peptides utilized a “reverse” binding mode [96] to target
ERK; however only the RSK1 peptide construct employed an additional helical ele-
ment when binding to the kinase. Interestingly, the RSK1-containing inhibitor
showed a 50-fold increase in potency inhibiting ERK2 with an ICs, of 14 nM despite
being appended with the HIV-TAT sequence. Following this observation, the authors
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used a structure-based approach to establish that the inhibitor binds both the ATP-
binding site and the DRS of ERK. For their third construct (SP3), the authors used
click chemistry to conjugate an alkyne-functionalized FR180204 molecule to the
N-terminus of the RSK1 peptide through an azidolysine moiety. This final construct
was not appended with the HIV-TAT sequence and was found to target active (phos-
phorylated) ERK?2 with an ICs, of 25 nM. Finally, the authors performed an in vitro
assay where they tested the selectivity of SP3 against 55 kinases of the CMGC
branch. It was shown here that SP3 not only bound ERK1/2 with high affinity, but
also several other related MAPKSs that contain a DRS, such as JNK1, JNK2, JNK3,
and p38a. Interestingly, SP3 was not able to target other CMGC kinases that do not
contain a DRS, suggesting that SP3 may be developed as a potent, yet selective,
inhibitor of kinases that contain these specific binding sites.

Inhibiting Interactions Between Protein Kinases
and Anchoring Proteins

Protein kinases are often distributed among separate subcellular compartments as a
means to regulate their activity. Sequestering protein kinases within distinct organ-
elles, including nuclei or mitochondria, allows their association with localized sub-
strates to be tightly controlled [97]. In general, the specific subcellular localization
of protein kinases is mediated through the interaction with anchor (or adaptor) pro-
teins that regulate the trafficking of kinases throughout the cell. One approach to
inhibiting kinase activity has been to disrupt such interactions with peptides that
mimic anchor protein interaction domains. Over the past 25 years, synthetic pep-
tides that disrupt interactions between protein kinases and their associated anchor
proteins have shown efficacy in inhibiting kinase function.

One of the first studies on inhibiting the activity of protein kinases using peptides
derived from anchor proteins was reported by Ron et al. in 1995 [98]. In this work,
the authors developed a peptide derived from RACK1, a PKC-binding protein that
anchors activated PKC to the plasma membrane near its localized substrates. It had
been shown previously that receptor for activated C-kinase (RACK) proteins
increased PKC activity by stabilizing the active state of the kinase [99]. Furthermore,
it was demonstrated that RACK1 was not a substrate or an inhibitor of PKC. The
regulatory domains of PKC proteins contain two common regions: C1 and C2 [26,
100]. The C1 region of PKC is known to mediate binding between PKC and diacyl-
glycerol while the C2 region regulates calcium binding to the kinase. PKC interacts
with lipids at the plasma membrane through its C1 domain; however, RACK1 was
shown to interact with PKC within its C2 domain [98]. The RACK-binding domain
of PKC is a short sequence of amino acids that is part of the larger N-terminal
domain, which was previously thought to contain at least part of the RACK-binding
site. To identify the RACK1-binding site of PKC, the authors used short synthetic
peptides derived from the C2 region of PKC to disrupt interactions between
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recombinant RACK1 and fragments of PKC containing either C1 or C2 regions.
Notably, they observed that some C2-derived peptides acted as inhibitors of hor-
mone-induced translocation of PKC, indicating that the C2 region contains at least
part of the RACK 1-binding site. Using this approach, the authors mapped portions
of the RACK1-binding site on PKC to amino acids 186—-198 and 209-226 within
the C2 region of PKC. Furthermore, peptides corresponding to these regions were
shown to inhibit the translocation of C2-containing PKC isozymes in neonatal car-
diac myocytes. These results indicated that the C2-derived peptides inhibited PKC
function by binding to RACK1 and disrupting the RACK1/PKC interaction.

Similar approaches have been used to inhibit the activity of PKA in synaptic
transmission. In an early report, Rosenmund et al. showed that peptide oligomers
derived from the conserved kinase-binding region of A-kinase anchoring proteins
(AKAPs) could be used to inhibit PK A-mediated phosphorylation of AMPA/kainite
channels in cultured neurons [101]. In this study, the authors utilized a 24-amino-
acid peptide derived from a conserved amphipathic helix common to the AKAP
protein Ht31 to block binding of PKA to AKAP. Interestingly, a shorter (16-amino-
acid) peptide derived from Ht31 did not block this interaction. The authors also
demonstrated that treatment of cells with Ht31 peptides could inhibit the PKA-
mediated regulation of AMPA/kainate currents, providing the first-ever evidence
that PKA-anchoring proteins are crucial in the regulation of synaptic function. It
had been shown previously that PKA-dependent phosphorylation is required to
maintain the function of AMPA/kainite channels in hippocampal neurons [102]. In
the Rosenmund study, the absence of ATP, or the presence of peptide-based inhibi-
tors of PKA, caused the gradual decline of whole-cell currents evoked by kainite.
These results indicated that PKA plays a crucial role in channel activity. To test the
influence of AKAP proteins on localizing PKAs near the channel, inhibitor peptides
derived from Ht31 were added to the cells and reduced AMPA/kainite-meditated
currents to the same extent as other PKA-specific inhibitors, including PKI. The
authors also noted that the effects of PKI and the Ht31 peptide were not additive,
indicating that PKA localization to the channel is required for the modulation of
AMPA /kainite-mediated currents.

The discovery of short peptides that disrupt interactions between PKA and
AKAP has led to the development of novel molecular tools for evaluating PKA
activity. For example, synthetic peptides that disrupt interactions between PKA and
its regulatory subunit (RI) have been used to evaluate Type I PKA signaling. In
2006, Carlson et al. combined bioinformatics analyses and peptide-screening arrays
to develop a high-affinity Rl anchoring disruptor (RIAD) peptide that demonstrated
>1000-fold selectivity for Type I PKA over Type II PKA [103]. In this study, the
authors used a bioinformatic analysis approach on a set of dual-affinity AKAP-
binding sequences to develop a synthetic peptide that binds PKA with higher affin-
ity and greater specificity than any previously reported AKAP-derived peptide.
More specifically, the authors utilized a multiple eM of motif elicitation (MEME)
algorithm [104] to screen the RI-binding sites of PKA for anchoring proteins that
bind Rla. Based on comparisons to corresponding sites within sample proteins of a
nonredundant database, the authors identified regions of amino acid similarity and
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used bioinformatics software to predict side chains that were most likely to occupy
a particular site. To facilitate this process, the linear PKA R domain-binding
sequences of D-AKAP1, AKAP149, ezrin, and two sites from AKAPS2 were
aligned and analyzed. A position-dependent scoring matrix (PDSM) consensus
sequence of 20 amino acids was then identified. Further optimization of the peptide
was performed using two-dimensional peptide arrays, and it was determined that
strategic placement of acidic residues afforded peptides that retained Rla binding
but bound poorly to RIla. The resultant 18-amino-acid RIAD peptide was shown to
bind Type I PKA with high selectivity. Following further optimization, cell-
permeable RIAD peptides were shown to selectively uncouple cAMP-mediated
inhibition of T-cell function and inhibited progesterone synthesis at the mitochon-
dria in steroid-producing cells.

RIAD peptides have also been employed to suppress PKA-mediated immune
responses. Antitumor treatments based on the infusion of T-cells expressing chime-
ric antigen receptors (CAR T-cells) are still largely ineffective on solid tumors.
However, recent work has focused on developing RIAD peptides to inhibit PKA-
mediated inhibition of T-cell receptor (TCR) activation. This inhibition process
requires PKA to localize to the immune synapse via binding to the AKAP protein
ezrin. In 2016, Newick et al. generated a line of T-cells that expressed RIAD pep-
tides to determine whether RIAD peptides derived from AKAP proteins could blunt
the negative effects of PKA on T-cell activation [105]. These cells (dubbed CAR-
RIAD T-cells) showed increased TCR signaling following treatment with adenosine
in vitro and showed enhanced killing of tumor cells compared to those treated with
CAR T-cells alone. Furthermore, when injected into mice, the antitumor efficacy of
murine CAR-RAID T-cells was substantially enhanced compared to control mice
treated with only CAR T-cells. It was also shown that CAR-RIAD T-cells migrated
more efficiently to chemokines and had better adherence to cell matrices. The
authors concluded that RIAD peptides augment CAR T-cell efficiency by inhibiting
the PKA-mediated inhibition of TCR activation. This landmark study underscored
the physiological relevance of PKA-anchoring proteins in disease pathogenesis and
demonstrated that peptide-based inhibition of PKA activity may be a viable route
for developing therapeutics that inhibit the growth and propagation of cancer cells.

Another example of an inhibitor designed to disrupt the interactions between
protein kinases and their anchoring proteins includes a peptide that corresponds to
residues 188-226 of the FRAT1 protein. FRAT1 is a mammalian protein that acts as
a co-regulator of the WNT signaling pathway [106]. FRAT belongs to a family of
GSK3-binding proteins that positively regulates the WNT signaling pathway by
inhibiting GSK3-mediated phosphorylation of p-catenin. In 1999, Thomas et al.
developed a peptide derived from the GSK3-binding domain of FRAT1 (designated
“FRATtide”) that binds GSK3 and prevents its interaction with Axin [107]. In this
study, the authors demonstrated that FRATtide significantly reduced the activity of
GSK3a and GSK3p isolated from human serum. It was also shown that FRATtide
blocked the interaction between GSK3 and the C-terminal domain of Axin (residues
281-500), suggesting that the binding sites on GSK3 for FRAT1 and Axin may
overlap. Notably, FRATtide was found not to suppress GSK3 activity toward other
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substrates, including glycogen synthase and elF2B. This is likely because phos-
phorylation of each of these substrates is independent of Axin and dependent on
“priming” phosphorylations. This specific result may explain why essential cellular
functions of GSK3 can continue to be observed despite suppression of p-catenin
phosphorylation.

Subsequent studies with FRATtide-based molecules have helped to elucidate
disparate mechanisms of GSK3 inhibition. The structure of FRATtide in complex
with GSK-3p has been elucidated, and these studies revealed that the activation loop
of uncomplexed (phosphorylated) GSK-3p adopts a similar conformation to that of
the FRATtide-bound from [108]. Interestingly, the activation loop of GSK3f in
complex with FRATtide was found to adopt similar conformations to those activa-
tion loops of related kinases CDK2 and ERK2. A sulfate ion was also found to be
present near the activation loop of the FRATtide-GSK3f complex and is thought to
occupy the site of the phosphoserine residues within “primed” substrates. The co-
crystal structure showed that the FRATtide forms a helix-turn-helix motif when
bound to the C-terminal lobe of the kinase domain (Fig. 7). Importantly, these data
showed that the FRATtide binds near, but does not obstruct, the substrate-binding
channel of GSK-3p. Combined with previous reports that showed that FRATtide
blocks the association between GSK3p and Axin [107], the authors of this study
concluded that the Axin-binding site on GSK-3p overlaps with the binding site of
FRATtide. Furthermore, the proximity of the Axin-binding site to the active site of
GSK3p provides structural evidence how Axin acts as a scaffolding protein that
promotes p-catenin phosphorylation.

More recently, the FRATtide peptide was included in a study that used diverse
peptide-based kinase inhibitors to elucidate the function of a novel C-terminal

" N-terminal
' lobe

X
Nucleotide-

binding site — Substrate-

binding site

FRATtide

Fig. 7 Co-crystal structure of glycogen synthase kinase-3 beta (GSK-3p) catalytic domain bound
to the inhibitory FRATtide peptide (PDB ID: 1GNG). The N-terminal lobe of GSK-3f is shown in
light blue, the hinge region is depicted in magenta, and the C-terminal lobe is colored salmon. The
FRATtide peptide (residues 1-39) is shown in red. The positions of the nucleotide-binding site and
the substrate-binding region of GSK-3p are indicated
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scaffold-binding region of GSK-3p [109]. In this study, the authors utilized mutated
versions of GSK3p to determine the binding mechanisms of peptides derived from
three GSK-3f-binding proteins. Specifically, these peptides were derived from Axin
(AxinGID), FRAT1 (FRATtide), and GSKIP (GSKIPtide). To determine which
amino acids are critical for imparting selectivity to other binding partners, the
authors focused on installing point mutations within the extreme C-terminal helix
domain of GSK-3p (residues 339-383). Interestingly, it was determined that spe-
cific GSK-3f interacting proteins bound to this region with at least five distinct
binding modes, which further highlighted the versatile role GSK-3f plays in cellu-
lar signaling. To classify each binding mode, the authors used specific characteris-
tics of each GSK-3p mutant (V267G and Y288F) bound to their respective
interacting partners. For example, the binding mode of GSK-3f to AxinGID, hNin-
ein, and Dyn-like protein was categorized into one group, and GSKIP, FRATtide,
CABYR, and Astrin were classified as four individual groups. Briefly, these modes
were characterized by the ability for each respective GSK-3f-binding protein to
interact with the various GSK-3p mutants. Here, AxinGID, hNinein, and Dyn-like
protein all interacted positively with wild-type GSK-3p and GSK-3p(Y288F) but
did not bind GSK-3p(V267G). On the other hand, GSKIP interacted positively with
wild-type GSK-3f and GSK-3p(Y288F), and only weakly to GSK-3B(V267G).
FRATtide interacted strongly with wild-type GSK-3p and GSK-3p(V267G) but did
not bind GSK-3p3(Y288F). CABYR was found to interact strongly with all three
GSK-3p variants. Astrin only interacted with the wild-type GSK-3f and was unable
to bind either of the mutants. In addition, the authors showed that AxinGID, Dyn-
like protein, and hNinein possessed independent binding modes through C-terminal
truncation assays and serial site-directed mutagenesis of the GSK-3f
C-terminal domain.

Enhancing the Clinical Efficacy of Peptide-Based Kinase
Inhibitors

From a drug design standpoint, peptides are generally considered less desirable than
small molecules as potential lead compounds. This is largely because peptide-based
molecules have intrinsic physicochemical properties that limit their application
in vivo. For instance, most peptides do not readily cross cell membranes or the
blood-brain barrier, which can limit their application to extracellular targets.
Moreover, peptides shorter than 15 amino acids are often intrinsically disordered in
solution and are, therefore, highly susceptible to degradation by serum or cytoplas-
mic proteases [110, 111]. Finally, longer peptides can trigger immune responses
when administered in vivo [112, 113], leading to rapid clearance or inflammation.
Despite these challenges, recent advancements in peptide synthesis techniques and
high-throughput screening procedures have allowed researchers to develop peptides
that circumvent many of these issues [114, 115]. Consequently, peptides are
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becoming widely accepted as viable lead compounds for drug development, and
many pharmaceutical companies are beginning to invest more heavily in the devel-
opment of peptide-based therapeutics [116].

It could also be argued that it is precisely the synthetic tractability and biomi-
metic nature of peptides that make them ideal candidates for drug development. As
several of the studies outlined in this chapter have demonstrated, synthetic peptide-
based kinase inhibitors can be modified in various ways to enhance their therapeutic
efficacy. For instance, the membrane permeability of peptide-based kinase inhibi-
tors can be enhanced by installing hydrophobic moieties, which can be achieved by
either including a higher percentage of hydrophobic amino acids within the primary
sequence [117] or by appending lipophilic functionalities to the peptides during
synthesis [118]. In the context of peptide-based kinase inhibitors, several groups
have successfully employed myristoylation strategies to enhance the membrane
permeability of inhibitory peptides that target cytosolic kinases [41, 119]. In addi-
tion to installing hydrophobic moieties, peptides can also be engineered for efficient
cell internalization by installing cationic amino acids into their primary sequence or
by appending the peptide with protein transduction sequences such as Tat, poly-
Arg, or antennapedia [76]. This strategy has been applied to several novel peptide-
based kinase inhibitors that have successfully targeted cytosolic kinases including
JNK1 and ERK [74, 93]. Recent evidence has also shown that certain peptides can
be used to shuttle small molecules, peptides, and even full-length proteins across the
blood-brain barrier [120]. While it has yet to be applied in practice, conjugating
such “shuttling” peptides to peptide-based kinase inhibitors may be an effective
approach to deliver highly selective antagonists that target kinases involved in neu-
rodegenerative disease.

The proteolytic stability of peptides can also be enhanced by linking medium-
length polymer chains, including PEG, PG, PVP, and PHPMA, to the peptide in
order to increase its half-life in vivo [121]. This strategy has been used extensively
to enhance the bioavailability of numerous peptide- and protein-based therapeutics
[122-124]. In addition, the immunogenicity of peptide-based therapeutics may be
reduced by removing potentially cross-reactive B- or T-cell epitopes from peptide
sequences. Recent advancements in protein sequence database management and
computational prediction software have allowed researchers to identify such epit-
opes and have facilitated the sequence-based rational design of peptide-based thera-
pies that display reduced immunogenicity [125]. Importantly, testing of other
peptide-specific triggers of immune responses, such as aggregation potential, post-
translational modifications, or excipient effects, must be conducted when develop-
ing final formulations of peptide-based therapies. While these approaches have been
used to enhance the efficacy of many peptide-based therapeutics for use in the
clinic, their specific application to peptide-based kinase inhibitors remains limited.
This is likely because the overall market share occupied by peptide-based kinase
inhibitors compared to other classes of therapeutic peptides approved for clinical
use is still relatively small. Nevertheless, this situation presents a unique develop-
ment opportunity as chemically modified peptide-based kinase inhibitors that
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display enhanced biological efficacy represent a virtually untapped market in the
context of next-generation therapeutics.

Conclusions and Perspectives

The ability to inhibit discrete protein kinases with high selectivity represents one of
the greatest challenges facing modern molecular biology. Despite the enormous
wealth of knowledge that has been amassed on protein kinases since they were first
discovered in 1954 [126], the scientific community is still actively searching for
molecules that are able to inhibit protein kinases without significant cross-reactivity.
While many small-molecule-based kinase inhibitors that target the nucleotide-
binding site with high affinity have been developed, these compounds often suffer
from limited selectivity due to a high degree of structural similarity among protein
kinase active sites. Furthermore, antibodies that target protein kinases are able to
target distinct kinases with high efficiency, but their relatively large size limits their
application to kinases that contain extracellular domains.

Since the late 1980s, peptides have emerged as promising candidates as inhibi-
tors of protein kinases due to their synthetic tractability, midrange size, and ability
to mimic protein interaction domains. In this chapter, three generalized classes of
peptide-based kinase inhibitors were introduced, and different mechanisms through
which peptides can affect kinase inhibition were discussed. It is also worth mention-
ing that the successful development of many of the kinase inhibitors outlined herein
has required the collective work of researchers across many scientific disciplines.
Considering the multitude of approaches and tremendous collaborative efforts that
are being made to develop peptide-based kinase inhibitors, chances are high that
researchers will soon make breakthroughs that greatly enhance the efficacy of such
molecules for use in vitro and in the clinic. Finally, peptide-based kinase inhibitors
are noteworthy because they not only represent formidable constructs that have high
therapeutic potential but also may be used as tools to help researchers better under-
stand the complex nature of kinase-substrate interactions. Ultimately, this knowl-
edge will lead to a more profound understanding of kinase function on a molecular
level and will facilitate the development of innovative medicines that will effec-
tively treat kinase-mediated disease.
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