
1© Springer Nature Switzerland AG 2020
P. Shapiro (ed.), Next Generation Kinase Inhibitors, 
https://doi.org/10.1007/978-3-030-48283-1_1

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.
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 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 STI571, also referred to as imatinib 
mesylate (brand name Gleevec® or Glivec®), which is an ATP competitive inhibi-
tor of BCR-Abl 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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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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Fig. 1 FDA-approved small-molecule kinase inhibitors (1999–2018)
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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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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.

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, TFs 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
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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-β (TGF-β) 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 
(PO4

3−) 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 Mg2+ 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.

Introduction to Kinases, Cellular Signaling, and Kinase Inhibitors

https://doi.org/10.1007/978-3-030-48283-1_4


10

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. Gógl 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.

Fig. 3 General overview 
of protein kinase structure. 
A model of protein kinase 
A (pdb: 3FJQ) highlights 
the N-terminal lobe 
containing the ATP- 
binding site (conserved 
lysine, K73, in green) and 
ATP (purple). The 
C-terminal lobe contains 
the activation sites (T196 
and T198 in yellow) and 
substrate-binding site 
(residues 230–260 in 
brown)

P. Shapiro et al.



11

References

 1. Lipmann, F. A., & Levene, P. A. (1932). Serinephosphoric acid obtained by hydrolysis of vitel-
linic acid. Journal of Biological Chemistry, 98, 109–114.

 2. Simoni, R.  D., Hill, R.  L., & Vaughan, M. (2002). Carbohydrate metabolism: Glycogen 
phosphorylase and the work of Carl F. and Gerty T.Cori. 1928–1943. Journal of Biological 
Chemistry, 277, 18e.

 3. Burnett, G., & Kennedy, E. P. (1954). The enzymatic phosphorylation of proteins. The Journal 
of Biological Chemistry, 211, 969–980.

 4. Krebs, E. G., & Fischer, E. H. (1956). The phosphorylase B to a converting enzyme of rabbit 
skeletal muscle. Biochimica et Biophysica Acta, 20, 150–157.

 5. Rao, S., Du, G., Hafner, M., Subramanian, K., Sorger, P. K., & Gray, N. S. (2019). A multi-
targeted probe-based strategy to identify signaling vulnerabilities in cancers. The Journal of 
Biological Chemistry, 294, 8664–8673.

 6. Lydon, N.  B., & Druker, B.  J. (2004). Lessons learned from the development of imatinib. 
Leukemia Research, 28(Suppl 1), S29–S38.

 7. Druker, B. J. (2009). Perspectives on the development of imatinib and the future of cancer 
research. Nature Medicine, 15, 1149–1152.

 8. Di Felice, E., Roncaglia, F., Venturelli, F., Mangone, L., Luminari, S., Cirilli, C., Carrozzi, 
G., & Giorgi Rossi, P. (2018). The impact of introducing tyrosine kinase inhibitors on chronic 
myeloid leukemia survival: A population-based study. BMC Cancer, 18, 1069.

 9. Roskoski, R., Jr. (2019). Properties of FDA-approved small molecule protein kinase inhibitors. 
Pharmacological Research, 144, 19–50.

 10. Elgundi, Z., Reslan, M., Cruz, E., Sifniotis, V., & Kayser, V. (2017). The state-of-play and 
future of antibody therapeutics. Advanced Drug Delivery Reviews, 122, 2–19.

 11. Cruz, E., & Kayser, V. (2019). Monoclonal antibody therapy of solid tumors: Clinical limita-
tions and novel strategies to enhance treatment efficacy. Biologics, 13, 33–51.

 12. Roskoski, R., Jr. (2016). Classification of small molecule protein kinase inhibitors based upon 
the structures of their drug-enzyme complexes. Pharmacological Research, 103, 26–48.

 13. Sammons, R. M., Ghose, R., Tsai, K. Y., & Dalby, K. N. (2019). Targeting ERK beyond the 
boundaries of the kinase active site in melanoma. Molecular Carcinogenesis, 58, 1551–1570.

 14. Pettersson, M., & Crews, C. M. (2019). PROteolysis TArgeting Chimeras (PROTACs)—Past, 
present and future. Drug Discovery Today: Technologies, 31, 15–27.

 15. Manning, G., Whyte, D. B., Martinez, R., Hunter, T., & Sudarsanam, S. (2002). The protein 
kinase complement of the human genome. Science, 298, 1912–1934.

 16. Lahiry, P., Torkamani, A., Schork, N. J., & Hegele, R. A. (2010). Kinase mutations in human 
disease: Interpreting genotype-phenotype relationships. Nature Reviews Genetics, 11, 60–74.

 17. Arencibia, J. M., Pastor-Flores, D., Bauer, A. F., Schulze, J. O., & Biondi, R. M. (2013). AGC 
protein kinases: From structural mechanism of regulation to allosteric drug development for 
the treatment of human diseases. Biochimica et Biophysica Acta, 1834, 1302–1321.

 18. Bayer, K. U., & Schulman, H. (2019). CaM kinase: Still inspiring at 40. Neuron, 103, 380–394.
 19. Babu, P., Bryan, J. D., Panek, H. R., Jordan, S. L., Forbrich, B. M., Kelley, S. C., Colvin, R. T., 

& Robinson, L. C. (2002). Plasma membrane localization of the Yck2p yeast casein kinase 
1 isoform requires the C-terminal extension and secretory pathway function. Journal of Cell 
Science, 115, 4957–4968.

 20. Graves, P. R., & Roach, P. J. (1995). Role of COOH-terminal phosphorylation in the regulation 
of casein kinase I delta. The Journal of Biological Chemistry, 270, 21689–21694.

 21. CST. (2019). Kinase-disease associations. Cell Signaling Technology. https://www.
cellsignal.com/contents/resources-reference-tables/kinase-disease-associations/
science-tables-kinase-disease.

 22. Gross, S., Rahal, R., Stransky, N., Lengauer, C., & Hoeflich, K. P. (2015). Targeting cancer 
with kinase inhibitors. The Journal of Clinical Investigation, 125, 1780–1789.

Introduction to Kinases, Cellular Signaling, and Kinase Inhibitors

https://www.cellsignal.com/contents/resources-reference-tables/kinase-disease-associations/science-tables-kinase-disease
https://www.cellsignal.com/contents/resources-reference-tables/kinase-disease-associations/science-tables-kinase-disease
https://www.cellsignal.com/contents/resources-reference-tables/kinase-disease-associations/science-tables-kinase-disease


12

 23. Yarza, R., Vela, S., Solas, M., & Ramirez, M. J. (2015). c-Jun N-terminal kinase (JNK) signal-
ing as a therapeutic target for Alzheimer’s disease. Frontiers in Pharmacology, 6, 321.

 24. Shahin, R., Shaheen, O., El-Dahiyat, F., Habash, M., & Saffour, S. (2017). Research advances 
in kinase enzymes and inhibitors for cardiovascular disease treatment. Future Science OA, 3, 
FSO204.

 25. Maqbool, M., & Hoda, N. (2017). GSK3 inhibitors in the therapeutic development of diabetes 
cancer and neurodegeneration: Past, present and future. Current Pharmaceutical Design, 23, 
4332–4350.

 26. Liang, H., Nie, J., Van Skike, C. E., Valentine, J. M., & Orr, M. E. (2019). Mammalian tar-
get of Rapamycin at the crossroad between Alzheimer’s disease and diabetes. Advances in 
Experimental Medicine and Biology, 1128, 185–225.

 27. Nozal, V., & Martinez, A. (2019). Tau tubulin kinase 1 (TTBK1), a new player in the fight 
against neurodegenerative diseases. European Journal of Medicinal Chemistry, 161, 39–47.

 28. Cuny, G. D. (2009). Kinase inhibitors as potential therapeutics for acute and chronic neurode-
generative conditions. Current Pharmaceutical Design, 15, 3919–3939.

 29. Fleuren, E. D., Zhang, L., Wu, J., & Daly, R. J. (2016). The kinome ‘at large’ in cancer. Nature 
Reviews Cancer, 16, 83–98.

 30. Rauch, J., Volinsky, N., Romano, D., & Kolch, W. (2011). The secret life of kinases: Functions 
beyond catalysis. Cell Communication and Signaling, 9, 23.

 31. Plotnikov, A., Zehorai, E., Procaccia, S., & Seger, R. (2011). The MAPK cascades: Signaling 
components, nuclear roles and mechanisms of nuclear translocation. Biochimica et Biophysica 
Acta, 1813, 1619–1633.

 32. Seger, R., & Krebs, E.  G. (1995). The MAPK signaling cascade. The FASEB Journal, 9, 
726–735.

 33. Cargnello, M., & Roux, P. P. (2011). Activation and function of the MAPKs and their sub-
strates, the MAPK-activated protein kinases. Microbiology and Molecular Biology Reviews, 
75, 50–83.

 34. Barnett, S. F., Bilodeau, M. T., & Lindsley, C. W. (2005). The Akt/PKB family of protein 
kinases: A review of small molecule inhibitors and progress towards target validation. Current 
Topics in Medicinal Chemistry, 5, 109–125.

 35. Arafeh, R., & Samuels, Y. (2019). PIK3CA in cancer: The past 30 years. Seminars in Cancer 
Biology, 59, 36.

 36. Rozengurt, E. (2007). Mitogenic signaling pathways induced by G protein-coupled receptors. 
Journal of Cellular Physiology, 213, 589–602.

 37. Derynck, R., & Budi, E. H. (2019). Specificity, versatility, and control of TGF-beta family 
signaling. Science Signaling, 12, eaav5183.

 38. Haan, C., Kreis, S., Margue, C., & Behrmann, I. (2006). Jaks and cytokine receptors—An 
intimate relationship. Biochemical Pharmacology, 72, 1538–1546.

 39. Vander Ark, A., Cao, J., & Li, X. (2018). TGF-beta receptors: In and beyond TGF-beta signal-
ing. Cellular Signalling, 52, 112–120.

 40. McClendon, C. L., Kornev, A. P., Gilson, M. K., & Taylor, S. S. (2014). Dynamic architecture 
of a protein kinase. Proceedings of the National Academy of Sciences of the United States of 
America, 111, E4623–E4631.

 41. Wang, Z., & Cole, P.  A. (2014). Catalytic mechanisms and regulation of protein kinases. 
Methods in Enzymology, 548, 1–21.

 42. Gogl, G., Kornev, A. P., Remenyi, A., & Taylor, S. S. (2019). Disordered protein kinase regions 
in regulation of kinase domain cores. Trends in Biochemical Sciences, 44, 300–311.

P. Shapiro et al.


	Introduction to Kinases, Cellular Signaling, and Kinase Inhibitors
	Historical Overview of Protein Kinases and Targeted Inhibition
	Overview of Protein Kinase Signaling Pathways
	Overview of Protein Kinase Structural Features
	References




