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Abstract Expression and increased activity of receptor and nonreceptor tyrosine
kinases is a characteristic of many cancers. Receptor tyrosine kinase epidermal
growth factor (EGFR) is one of the key molecules associated with cancer. Mutant
alleles of EGFR L858R and Del E746-A750, which are common in human lung
adenocarcinomas, result in increased phosphorylation of signaling molecules.
Receptor tyrosine kinases and EGFR inhibitor MIG6 are more phosphorylated in
human bronchial epithelial cells expressing mutant compared to those expressing
wild type EGFR. Activation of EGFR results from the formation of a homodimer or
heterodimer. EGFR and its active form resembles inactive conformations of Src and
Hck. In this chapter, active and inactive conformations of EGFR and its oncogenic
and drug-resistant mutant forms are described together with various modes of
EGFR interactions with substrates and inhibitors.
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1 Introduction

Protein tyrosine kinases (PTKs) proved important role in transduction and ampli-
fication of exogenous signals received by cells. Since the discovery of src family of
genes, the product of Rous sarcoma virus oncogene, v-src, and the product of the
cellular proto-oncogene, c-src, PTKs were shown to be essential components of
many cell signaling pathways (Hunter and Sefton 1980; Kefalas et al. 1995; Parsons
and Parsons 2004).

Receptor and non-receptor protein tyrosine kinases form two large groups.
Among non-receptor PTKs, the most abundant are src and tec protein tyrosine
kinases which together comprise approximately 40-45 % of cytoplasmic PTKs
(Nore et al. 2003). Ten members of c-src family (blk, c-fgr, fyn, hck, Ick, Lyn, c-src,
c-yes, yak, and frk) (Amata et al. 2014) encode cytoplasmic proteins that function in
T-lymphocyte maturation and activation, bone maintenance, learning and memory.
Five members of tec family include Bruton’s tyrosine kinase, bk, itk, tec, bmx, and
txk/rlk (Nore et al. 2003). PTK contains six domains: (1) N-terminal domain that
contains sites of lipid modifications important for PTK targeting to the plasma or
intracellular membrane (SH4) (2) unique domain (UD), (3) catalytic domain (SH1),
(4) phosphotyrosine recognition domain (SH2), (5) polyproline sequence specific
(SH3) domain, and (6) C-terminal tail with a regulatory tyrosine (Gmeiner and
Horita 2001). SH2 and SH3 domains can also be found in adaptor proteins that lack
enzymatic activity, such as Grb-2 and a-spectrin, and in proteins that possess other
than tyrosine kinase activity: phospholipase C-yl (PLC-yl), ras GTPase-activating
protein (ras GAP), phosphatidyl-inositol 3-kinase (PI3-kinase) (Kefalas et al.
1995). Depending on definition of a domain we can also say that there are three
domains and three additional regions. We will call all of them domains throughout
this chapter.

Some PTKs (Fyn, Src, and Yes) are expressed in most cell types. Others exhibit
specific expression: Hck in myeloid cells, Blk in B cells, Lck in T lymphocytes
(Arold et al. 2001).

Large group of receptor protein tyrosine kinases (RTKs) include epidermal
growth factor, nerve growth factor, fibroblast growth factor and other receptors that
contain extracellular ligand binding domain, membrane anchoring domain, cyto-
plasmic protein tyrosine kinase domain, regulatory domains, and C-terminal tail.
Growth factor binds to the extracellular portion of the receptor and induces
dimerization that triggers formation of signaling complexes and turns on signaling
cascades on the cytoplasmic side of the membrane. Receptors are specifically
regulated by multiple adaptor proteins (Kalman et al. 2013).
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2 Growth Factors and Receptors

Nerve growth factors (NGFs), fibroblast growth factors (FGFs), platelet-derived
growth factors (PDGFs), stem cell factor (SCF), transforming growth factors
(TGFs), vascular endothelial growth factors (VEGFs), and epidermal growth factors
(EGFs) each specifically bind to their receptors located at the cell surface and
activate the receptor.

Each type of neurotrophins, NGF, brain-derived neurotrophic factor (BDNF),
neurotrophin-3/7 (NT-3-NT-7) and other, promote the survival of certain sets of
neurons. Two classes of cell surface receptors, the Trk receptors and the p75
neurotrophin receptors, are activated by the specific ligand. TrkA/NGF, TrkB/
(BDNF or NT-4/5), TrkC/NT-3 and p75NTR/NGF complexes are main compo-
nents that regulate development and support of the nervous system (Ultsch et al.
1999).

Target cell derived neurotrophic factor, NGF, is essential for survival of
developing sympathetic and cutaneous sensory neurons; tyrosine kinase TrkA
complex with NGF travels retrogradely from the axon to the cell body and induces
transcriptional and signaling events necessary for survival (Deppmann et al. 2008).

In response to neurotrophins, $-actin mRNA is both targeted to axons and locally
translated there. Local protein synthesis of B-actin allows rapid response that is inde-
pendent of cell body. Impal mRNA is targeted to sympathetic neuron axons and locally
translated in response to nerve growth factor (NGF) stimulation of distal axons.

Neurotrophin stimulation of distal axons elevates production of proteins
responsible for axon growth and maintenance and depends on retrograde pathways.
For example, neurotrophin induces transcription of bclw mRNA in cell bodies that
involves Trk-Erk5 pathway. Neurotrophins regulate Bclw at various stages: tran-
scription, transport, and local translation. Neurotrophic regulation of local, axonal
synthesis of Bclw is necessary for supporting axonal survival. Bclw/Bax suppresses
cascade 6 apoptotic activity. A bidirectional mechanism is employed: retrograde
neurotrophin signaling from the axon activates transcription of response genes and
leads to increased expression of axon-targeted mRNA and protein necessary for
axon survival. These events contribute to our understanding of regulatory mecha-
nisms of normal development of neuronal circuitry and axonal degeneration
(Cosker et al. 2013).

FGFs activate intracellular signaling by binding to cell surface tyrosine kinase
receptors FGFR1-4. FGFRL1, member of FGFR family, lacks a kinase domain and
was proposed to act as a decoy receptor to inhibit FGFR ligand-induced signaling.
Expressed in pancreatic islet B-cells, FGFR1 regulates insulin processing via
canonical ligand binding. FGFRL1 is expressed in plasma membrane and insulin
secretory granules of B-cells. Its intracellular domain contains a pY SH2-binding
motif that binds phosphatase SHP-1 and stimulates ERK1/2 pathway. SH2-domain
of SHP-1 when not bound to FGFRLI1, autoinhibits the phosphatase. Its unique
intracellular domain contains a tandem tyrosine-based motif involved in endocy-
tosis and a histidine-rich region, site of metals binding. FGF/FGFR signaling is
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known to regulate development of the embryonic and neonatal pancreas (Silva et al.
2013). Many tyrosine phosphatases act as tumor suppressors. Shp2, was found to
act as tumor suppressor but also as a positive signal transducer (Li et al. 2012).

PDGF and EGF are signaling molecules that bind to their cell surface receptors,
PDGFR and EGFR, and induce receptor activation. Functionally significant dif-
ferences in mitogenic signaling for these growth factors involves stimulation by
PDGF of sphingosine kinase activity in fibroblasts and increase intracellular levels
of sphingolipid metabolites that lead to cell proliferation (Rani et al. 1997). Cancer
associated fibroblasts secreted soluble factors affect not only cancer cells but also
many other types of cells (Risidnen and Vaheri 2010). For both growth factors,
receptor and MAPK activation, mediated by adaptor proteins, leads to the activation
of transcription factors. Networks of transcription factors in healthy and trans-
formed cells play key role in cell growth, differentiation and development being
determinants of cell states (Sive and Gottgens 2014).

Expression and increased activity of receptor and nonreceptor tyrosine kinases is
characteristic of many cancers (Brueggemeier et al. 2005). EGFR is one of the key
molecules associated with cancer. Approximately 60—65 % of all adenocarcinomas
are linked to mutations in one of oncogenes KRAS, EGFR, ALK fusion, BRAF,
HER?2, NRAS, or MEKI (Suehara et al. 2014) and many inhibitors of pathways
controlled by these genes are protein protein interactions modules carrying SH2,
SH3, and proline rich domains (Fiorentino et al. 2000; Frosi et al. 2010; Guvakova
et al. 2014; Xu et al. 2005; Wendt et al. 2015). Mutant alleles of EGFR L858R and
Del E746-A750, which are common in human lung adenocarcinomas, result in
increased phosphorylation of signaling molecules. Receptor tyrosine kinases and
EGFR inhibitor MIG6 are more phosphorylated in human bronchial epithelial cells
expressing mutant compared to those expressing wild type EGFR (Guha et al.
2008). New data suggest that Mig6, phosphorylated at Y394/395 in EGFR-mutant
human lung adenocarcinoma cell lines, stabilizes EGFR since its interaction with
EGFR increases; MIG6 also does not promote degradation of mutant EGFR (Maity
et al. 2015). EGF, TGFa, and amphiregulin are EFFR ligands. Activation of EGFR
results from the formation of a homodimer or heterodimer paired with another
family member such as HER2-4 (Kalman et al. 2013). EGFR asymmetric dimer
activation (Zhang et al. 2006, 2007) does not require autophosphorylation of the
activation loop (A-loop). Some mutations such as L858R can activate the receptor
(Yoshikawa et al. 2012). As a result, C-terminal tyrosines are autophosphorylated
and via involvement of SH2 domain bind downstream signaling molecules initi-
ating signal transduction, i.e. MAPK, PI3 K/Akt, PLC, STAT, and SRC/FAK
pathways (Kalman et al. 2013). Crystallographic structures of the active confor-
mation of unphosphorylated EGFR alone and in complex with the inhibitor erl-
otinib show that EGFR kinase activation loop adopts a conformation similar to that
of the phosphorylated form of insulin receptor kinase (Stamos et al. 2002). Recently
determined structures of EGFR mutant forms alone and in complexes with MIG6,
gefitinib, and dacomitinib demonstrate various conformational states of the mole-
cule (Gajiwala et al. 2013). Activity in Src and Hck enzymes is regulated by
phosphorylation of a specific tyrosine at the C-terminus. Intramolecular binding of
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SH2 domain to phosphotyrosine keeps the receptor in the inactive state. The reg-
ulatory mechanism involves SH2 and SH3 domains that affect relative orientation
of the N-lobe and C-lobe of the kinase. SH3 domains of tyrosine kinases Src, c-Abl,
and Bcr-Abl autoinhibit their kinase activities (Review: Kristensen et al. 20006).
EGFR bound to Lapatinib (GW572016) exhibits conformation similar to that of Src
or Hck in inactive state. EGFR active form resembles inactive conformations of Src
and Hck (Gajiwala et al. 2013). Activation mutant L858R and double mutant
L858R/T790M (Fig. 1) retain conformation similar to inactive state and were
proposed to possess greater propensity to form asymmetric diners that explains their
unregulated activity. Inhibitor gefitinib binds to the inactive kinase
VI948R/L858R/T790M mutant (Fig. 2).

Phosphotyrosine residues that are required for signaling mediated by receptor
tyrosine kinases, such as EGFR, are unique binding sites of proteins containing
SH2 domains (Koch et al. 1991). SH2 domain of the Src protein binds EGFR.
Several phosphopeptides corresponding to five major autophosphorylation sites of
EGFR Y1173, Y1148, Y1086, Y1068, and Y992 and putative phosphorylation

(b)

dmol

Fig. 1 EGFR structure. Kinase domain (blue, green) in complex with inhibitor MIG6 (magenta
and cyan) (a) Wild type /2rf9/ (b) Drug-resistant mutant L858R/T790M /4i21/
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Fig. 2 EGFR complex with gefitinib. Kinase domain (ribbon); inhibitor (cpk). Structure of
gefitinib/erlotinib resistant mutant V948R/L858R/T790M /4i22/

sites Y1114, Y1101, and Y1045 were used to show Src SH2/SH3 interaction with
EGFR. SH2/SH3 construct is better compared to SH2 alone. Therefore, SH3
facilitates association of SH2 with EGFR phosphotyrosine sites (Luttrell et al.
1994). Role of phosphorylation within SH3 domain was studied for CAS, a tyrosine
phosphorylated protein in cells transformed by v-crk and v-src oncogenes that are
responsible for invasiveness of Src-transformed cells. Using phosphomimicking
Y 12E and non-phosphorylatable Y12F mutants (Janostiak et al. 2011) it was shown
that the Y12E mutation leads to decreased interaction of CAS SH3 with FAK and
PTP-PEST and reduced tyrosine phosphorylation of FAK whereas Y 12F mutation
results in hyperphosphorylation of CAS substrate domain, slower turnover of focal
adhesions, decreased cell migration, and decreased invasiveness. GEF for Rap1l and
R-Ras, C3G, transduces signal to c-Jun kinase (JNK). R-Ras activates
JNK-dependent transcription and cell transformation (Mochizuki et al. 2010). Cas
contains multiple sites of interactions with SH2 and SH3 domains: polyproline
regions, NxxY motifs, and SH3 domain. Tyrosine phosphorylation mediates Cas
binding to SH2/SH3 of Lck (Nasertorabi et al. 2006).

Signaling pathways of wild type EGFR and its mutant forms differ in regulation
and trafficking (Hampton and Craven 2014). Tyrosine phosphorylation very often
abolishes binding and results in dissociation of the modified molecule from the
enzyme (Zhao et al. 1998; Wang et al. 2013; Tatarova et al. 2013).

Epithelial lumen surface glycoproteins, mucins, which function to protect
mucous epithelium, contain several domains including protein tyrosine kinase
domain homologous to EGFR, transmembrane domain, MIG6 domain, and mul-
tiple O-glycosylation sites (Nollet et al. 1998). Some mucins were shown to
mediate breast cancer cell migration through interaction with intracellular adhesion
molecule 1 that depends on mucin cytoplasmic domain activation by c-src with
involvement of competitive SH3 binding (Gunasekara et al. 2012).
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3 Cytoplasmic PTK

Cytoplasmic PTKs exhibit many similarities to RTKs. Their kinase domains are
regulated by SH2/SH3 and the C-terminal domains. Kinase domains of EGFR and
Lck, for instance, and their mode of regulation carry many important conserved
features. C-terminus of EGFR contains several tyrosine phosphorylation sites that
regulate binding of SH2-containing molecules to EGFR upon phosphorylation.
Peptides with phosphotyrosine bind to EGFR interdomain lobe (Stamos et al. 2002;
Wood et al. 2004).

Src family kinases, including Lck, are regulated by phosphorylation of its
C-terminal tyrosine in a ‘tail’ peptide that binds to SH2/SH3 domains and inhibits
the kinase activity. If the ‘tail’ peptide is dephosphorylated or SH3/SH2 domains
bind to competitive ligands, kinase is activated by autophosphorylation of a tyro-
sine in its activation loop (Eck et al. 1994; Pisabarro et al. 1998; Sicheri et al. 1997,
Schweimer et al. 2002; Cowan-Jacob et al. 2005). SH3 and SH2 domains are
connected by a linker that contains polyproline sequences involved in regulation
process. In some kinases, such as C-terminal Src kinase, Csk, not activation loop
phosphorylation but peripheral motifs and SH2/SH3 are required for its
activation/deactivation. Mutational studies in the regions of the interface between
the kinase domain and regulatory domains help to identify key residues and
understand how peripheral regions relay signals to the active site. SH2-kinase
linker, disulfide bridge, and SH2 loops located at a distance more than 45 Angstrom
from the active site, particularly CD and DE loops, are important allosteric sites
(Barkho et al. 2009).

4 SH4 Domain

Attachment of the molecule to the membrane utilizes SH4 domain (Silverman and
Resh 1992). These domains are subject to posttranslational modifications: myris-
toylation and/or palmitoylation. Fyn SH4 unique sequence dual acylation controls
intracellular localization (Yamada and Bastie 2014).

5 Unique Domain

Domain between the N-terminal SH4 and regulatory SH3 domains is named Unique
(UD) since it is less conserved in its amino sequence within src family tyrosine
kinases. However, strong conservation of the UD of each SFK member among
different organisms suggests some important function. Conservation of residues of
the UD in Src, Fyn, and Yes is associated with its binding to various targets: acidic
lipids, SH3, and calmodulin. This region is phosphorylated in Lck (Ser 59 in proline
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rich region), Lyn (Y32), Yes, Fgr, Fyn (S21 in RxxS site of PKA), Src (S17, T37,
S75), and autophosphorylated in Hck (Y29). For Hck, autophosphorylation of the
UD domain along with autophosphorylation in the activation loop of the catalytic
domain contributes to its activation (Amata et al. 2014).

6 SH3 Domain-Containing Proteins

SH3 domains mediate protein-protein interactions (Gmeiner and Horita 2001;
Kurochkina and Guha 2013). They bind proline-rich sequences, particularly those
carrying PxxP motif, in left-handed polyproline 2 (PPII) conformation (Musi et al.
2006). For some, important function in recognition and signaling was assigned, but
for others it has to be determined (Foth et al. 2005). Posttranslational modifications
of SH3 s play important role in regulation of cellular processes. Synapsin I, through
SH3- or SH2-mediated interactions, activates Src. Src-mediated tyrosine phos-
phorylation of synapsin I increases binding to synaptic vesicles/actin and formation
of synapsin dimers, whereas serine phosphorylation increases synaptic vesicles
availability for exocytosis by impairing synapsin association with synaptic vesicles
and/or actin (Messa et al. 2010). Adaptor protein Crk (Matsuda et al. 1996;
Kobashigawa et al. 2007) for which two isoforms are known, CrkI (SH2-SH3) and
CrkII (SH2-SH3-SH3), regulates cytoskeletal reorganization and motility involved
in cell growth by facilitating protein-protein interactions. CrkII regulates NWASP
and Cdc42 activation, actin polymerization, and development of tension in muscle.
CrkIl SH3 N mutants inhibit tension development upon stimulation of smooth
muscle with acetylcholine possibly due to disruption of Ca®* signaling pathways
(Tang et al. 2005). The linker region between two SH3 domains contains a regu-
latory tyrosine Y222. Regulation of Abl kinase by Crk is proposed to occur via
intermolecular and intramolecular PxxY sequences (Reichman et al. 2005). Some
SH3 binding sequences are phosphorylated such as RKXXY**XXY?*7 motif in
SKAP-55 bound to ADAP SH3c. Interestingly, SH3 domain of SKAP-55 binds a
proline-rich region of ADAP (Duke-Cohan et al. 2006). This sequence, represented
as RxxYxxY or RxxYxxF, is reminiscent of Class I motif RxxPxxP (Kang et al.
2000). There can be drawn a parallel with SKAP-55 and ADAP mode of binding:
whereas the FYB SH3 binds tyrosine-based site in SKAP-55, the SKAP-55 recog-
nizes proline-rich site in FYB. Adaptor protein Nck associates with a number of
target proteins through a preferred motif. The phosphorylatable serine in the motif is
a regulatory site that mediates binding to PAK (Zhao et al. 2000). Nck interaction
with CD3¢ regulates T cell receptor activity with involvement of noncanonical
binding of Nck2 first SH3 motif to PxxDY sequence (Takeuchi et al. 2008).
Phosphorylation of tyrosine in this motif abolishes binding of Nck and EGFR
substrate, Eps8 (Kesti et al. 2007). Recently, synergetic binding of Cdc42 and EPS8
SH3 to Crib domain and adjacent proline-rich region of IRSp53 have shown possible
mechanisms of regulation of membrane and GTPase function (Kast et al. 2014).
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Regulation of GTP-binding proteins is important function of SH3 domains that
extend their role as mediators of protein-protein interactions. Dynamin binds to
microtubules via its C-terminus. This binding induces GTPase activity. For
example, GST-Grb2 protein and GST-SH3 domains of c-src, fgr, and fyn stimulate
dynamin GTPase activity, whereas C-terminal Grb2 SH3 domain, PLCy, and p85a
bind efficiently but do not stimulate GTPase activity (Gout et al. 1993).

Hydrophobic and electrostatic interactions are important for recognition of
polyproline sequences by SH3 domains. Class I sequence RXLPPXP and class II
sequence XPPLPXR include PxxP hydrophobic motif that adopts polyproline type
II conformation. These sequences are flanked by charged residues. Although class I
and class II motifs contain charged residues, flanking polyprolines from one side,
and this arrangement is linked to ability of these motifs to bind SH3 domain in two
different orientations, sequences with polyprolines only were identified as class III
ligands. Besides, noncanonical sequences were identified: PxxDY in EPSS,
RKxxYxxY in SKAP55, RxxK in GADS, PXXXPR in BPIX and CIN85/CNS,
RxxPxxxP in BK channels. Hydrophobic and charged residues flanking PxxP motif
were shown to enhance interaction. Arginines and lysines, in addition to charge,
contain large hydrophobic chain that very often is important for association. Some
sequences bind without proline (Mayer 2001; Kang et al. 2000; Gushchina et al.
2011; He et al. 2014; Teyra et al. 2012; Kim et al. 2008; Pires et al. 2003; Tian et al.
2006; Tonikian et al. 2007).

Regulation by association of SH3 domains also occurs via formation of
homodimers (IB1 protein; Kristensen et al. 2006) or heterodimers (VAV N-terminal
and GRB2 C-terminal SH3 domains complex; Nishida et al. 2001).

Very important functions of SH3 are emphasized in giving rise to emerging actin
filaments controlled through specific assembly of SH3 regulated multiprotein
complexes by phosphorylation and guanine exchange, regulation of cytoskeletal
organization and gene expression during development (Mayer 2001; Kawauchia
et al. 2001).

SH3 domains are also regulated by phosphorylation. Tyrosine phosphorylation
in SH2, SH3, and WW domains of adaptor proteins is more frequently observed
than serine/threonine phosphorylation indicating its important function. Tyrosine
phosphorylated SH3 domains can reduce, disrupt, or increase binding, affect protein
localization, stimulate or inhibit signaling, regulate gene expression. The most
frequently phosphorylated position within SH3 domain corresponds to c-Src Tyr-90
and is characterized by a consensus sequence ALYD(Y/F) (Nore et al. 2003;
Tatarova et al. 2013). In tertiary structure, this sequence belongs to the loop
between the first two B-strands named RT that is involved in recognition of binding
partners. Second frequently phosphorylated site corresponds to Tyr-131 and is
located in the distal loop, also peptide binding pocket (Review: Kurochkina and
Guha 2013). Autophosphorylation of the RT loop of SH3 domain in Itk, Btk, and
other TEC family members of non-receptor tyrosine kinases results in the kinase
activation (Joseph et al. 2007; Park et al. 1996). Activation of Btk involves
phosphorylation of one tyrosine in activation loop followed by autophosphorylation
of another tyrosine in SH3 domain. Tec family PTKs exhibit preference for
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Table 1 Phosphorylation and mutations of tyrosine residues in SH3 domains

Modification | Effect Reference Protein/Pdb code/
Y209F Site of phosphorylation by Li et al. (2001) CGrb2 72vwi/
Bcer/Abl or EGFR in vivo. Y209:
Enhances BCR/Abl-induced 310 helix between B4
ERK activation and fibroblast and B5
transformation; potentiates and NGrb2 /1aze/
prolongs Grb2-mediated Y7:
activation of Ras, RT loop
mitogen-activated protein
kinase and c-Jun N-terminal
kinase in response to EGF
stimulation; this confirms that
role of phosphorylation is to
diminish Bcr/Abl-induced
fibroblast transformation
pY209 Negatively regulates Li et al. (2001)
EGF-induced ERK and JNK
activation; inhibits the binding
of Sos
c-Abl, activated by the Anselmi et al.
VEGFR-2/PI3 K pathway, (2012)
phosphorylates Grb2 Y209 and
Nckl Y105 to down-regulate
the MAPK activity
Y7F/Y209F Impairs Sos binding by Grb2 Li et al. (2001)
Y52F In contrast to Y209F, does not Li et al. (2001) NGrb2 /1gbq/
impair Sos binding by Grb2 310 helix between B4
and B5
pY138 Site of phosphorylation in vivo | Broome and CSrc /1qwe/
by PDGF receptor. Reduces Hunter (1997) 310 helix between B4
binding of peptide ligands and B5
in vitro
Y138F No effect on PDGF-induced Broome and
c-Src activation in Src” mouse Hunter (1997)
fibroblast cell line
Y546A Destabilization of dimer Kristensen et al. Abi /2fpd/
(2006) 310 helix between p4
and B5
Y355A,F, 1, Decreases interaction with Marles et al. SHOI1 /2vkn/
or M PBS2 and leads to decreased (2004) 310 helix between p4
HOG pathway response and B5
Y180F Decrease of kinase activity of Joseph et al. Itk /1awj/
the full-length enzyme by (2007) RT-loop
increasing km of peptide autophosphorylation
substrate
Y180E Alters binding capability

(continued)
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Table 1 (continued)

Modification | Effect Reference Protein/Pdb code/
Y223F Partially restores calcium Kurosaki et al. Btk /1laww/
mobilization and Plcy2 (1997), Yang autophosphorylation
phosphorylation in a Btk and Desiderio RT-loop
deficient cell line; enhances the (1997)
oncogenic ability of a Park et al.
gain-of-function Btk mutant; (1996)
alters binding activity
Y309A Decreases interaction with Marles et al. SHO1/2vkn/
PBS2 and leads to decreased (2004) RT loop
HOG pathway response
Y206 Autophosphorylation, but not Nore et al. Tec-SH3
transphosphorylation. (2003)
PY251 Binds Abl SH2 and promotes Sriram et al. Crk SH3
its transactivation (2011) RT loop

phosphorylation of their own SH3 domains. Transphosphorylation can be specific
not only for SH3 domains but for joint SH3/SH2 domain. One of the proposed
regulation mechanisms suggests that when coexpressed in a single cell type (Btk
and Tec in B-cells or Itk and Txk in T-cells) these kinases may use transphos-
phorylation to mediate activity of each other (Nore et al. 2003). Phosphorylation of
key residues in SH3 domains affects their function in many ways (Table 1).

SH3 domain has been implicated in important processes in cell biology. SH3
domains play critical roles in migration and invasiveness (Yamada et al. 2011),
actin reorganization induced by extracellular signals (Antoku and Mayer 2009), and
shaping spines in neurons (Sheng and Kim 2000; Ehlers 2002). The role of SH3
domain in these biological processes has implication in cellular homeostasis, as
well as disease states.

7 SH2

SH2 domains bind phosphotyrosine sequences and contribute to the assembly of
signaling complexes that are formed as a result of the growth receptor stimulation.
EGF, PDGF or other receptors contain tyrosines that are phosphorylated and bind to
SH2 domains of the downstream signaling molecule such as p85 subunit of PI3
kinase, the GTPase-activating protein, growth factor receptor-bound protein 2, and
PLCy. Specificity of binding is determined by several amino acids surrounding
phosphotyrosine. Several regulatory events are important for the signaling:
(1) kinases are phosphorylated at their C-terminal tyrosine and phosphotyrosine
binding to SH2 domain inhibits kinase; (2) the kinase binds to the activated receptor
via SH2 domain (Bibbins et al. 1993).
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Downstream molecules signaling also involves specific interactions of their SH2
and SH3 domains. One of the important signaling molecules, PLCy, activates
receptor tyrosine kinase receptors (EGFR, PDGFR). SH2 domain of PLCy also
interacts with adaptor proteins (GRB2, SOS1, AP180). When cells are stimulated
by growth factors, PLCy is recruited to the plasma membrane where its substrates
are located. Its SH3 domain interacts with PPix-a, GEF for small G-proteins
RAC1/Cdc42 important for actin cytoskeleton reorganization. This interaction
contributes to tumor growth in breast cancer cells. PLCy expression was also
increased in colorectal cancer. Polyproline region at the C-terminus of PLCy can
bind SH3 domains of PLCy, PAK, and GIT1. PLCy induces RAC activation and
Ibal-dependent membrane ruffling (Bae et al. 2005). Competition takes place
between PLCy and Grb2 for binding to FGFR. Low concentrations of Grb2 elevates
metastatic potential of FGFR—expressing cells (Timsah et al. 2014). PLCy/Grb2
dimer binding to 2 molecules of FGFR occurs via Grb2 SH3 domain and results in
the formation of an active heterotetramer even without a growth factor stimulation.
The two SH2 domains of PLCy have distinct roles: the N-terminal SH2 domain
regulates binding of PLCy to receptor protein tyrosine kinases which then phos-
phorylate PLCy; The C-terminal SH2 domain binds this phosphorylated tyrosine
and activates phospholipase activity (Poulin et al. 2005).

Although SH2 domain mainly binds phosphorylated tyrosine, binding can also
occur to phosphorylated serine/threonine as demonstrated by binding of Abl SH2 to
BCR protein or binding of Fyn/Src SH2 to Rafl (Pendergast et al. 1991). Rafl also
was found to interact with the SH2 domain of Src and this intéraction depends on
arginine. Interaction of Rafl with Src SH2 is weaker but can be enhanced by the
presence of SH3 and N-terminus. Another example of deviation from the specific
pattern is binding of Src SH2 to nonphosphorylated PDGFR peptide (Cleghon and
Morrison 1994). In some proteins, high affinity binding can be achieved with
contribution of two SH2 domains as demonstrated by GAP or p85 binding to PDGF
receptor, whereas binding of one SH2 domain does not result in stable complex
(Cooper and Kashishian 1993). SH2 domains are also regulated by phosphorylation
(Jin et al. 2015).

8 SH1

The first tyrosine kinase discovered, a product of the viral gene v-src, lacks auto-
inhibition and is constitutively active resulting in cell-transforming activity,
whereas its cellular counterpart, c-src, is subject to regulation (Hunter and Sefton
1980; Brown and Cooper 1996; Sicheri and Kuriyan 1997).

The structure of the catalytic domain, SH1, of many tyrosine kinases was
extensively studied by crystallography, NMR, and other methods in active and
inactive states and bears common architecture of other kinases, such as protein
kinase A (PKA). Two lobes, N-terminal (N-lobe) and C-terminal (C-lobe) form a
cleft at the interface that hosts ATP molecule. N-lobe comprises a five-stranded
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B-sheet and regulatory a-helix (aC). C-lobe is predominantly a-helical. Important
segments include ATP-binding glycine-rich strand-beta-strand motif, metal-binding
catalytic segment, and subject to phosphorylation activation segment. Complexes of
the kinase with nonhydrolizable ATP analogs and peptides substrate analogs reveal
protein groups responsible for interactions with nucleotide, phosphate groups and
substrate. Comparison of the crystal structures of human c-Src and human Hck in
inactive state shows high similarity of the two kinases. SH2 and SH3 domains are
bound intramolecularly: SH2 to the regulatory C-terminal tyrosine, SH3 to the
polyproline type II helix of the linker between the SH2 and catalytic domains.
These interactions can be replaced by intermolecular upon kinase involvement in
interactions with other proteins. SH2 and SH3 domains do not impede substrate
access to the active site or change orientation of the kinase lobes. The regulatory
role of SH2 and SH3 domains to inhibit kinase activity is linked to the displacement
of helix aC and influence of flexibility of the kinase lobes. In the inactive state, aC
is displaced and essential catalytic residues are removed from the active site.
Phosphorylation of the activation segment results in active state in which catalytic
residues are positioned in conformation required for the catalysis.

9 Adaptor Proteins

Adaptor and scaffold proteins lack enzymatic activity. Their major role is to bring
together numerous components of the signaling pathway. This role is critical for the
function of signaling complexes. Disregulation of this processes results in many
pathologies including cancer development. Multidomain CAS (SH3-containing)
and NSP (SH2-containing) families that interact with each other, contain regulatory
phosphorylation sites and are important for transmembrane receptors signaling
including integrin receptor for extracellular matrix proteins, growth factor receptor
tyrosine kinases, and cytokine receptors (Wallez et al. 2012). Adaptor proteins of
the GAB family are essential for embryo survival (Wang et al. 2015). Gab1/SHP
complex is associated with linking stimulation to proliferation and was recognized
as a key participant of the liver regeneration process (Pagano et al. 2012). SH2B1 is
an adaptor protein that contains SH2 and PH domains. It enhances insulin regu-
lation of glucose metabolism. Impaired function of SH2B1 results in obesity and
type II diabetes. SH2B 1 regulates TAG biosynthesis, lipolysis, and VLDL secretion
(Sheng et al. 2013).

Adaptor protein Grb2 (Seem-5 in C. elegance, DRK in Drosophila) (Mayer
2001) links RTKs to ras pathway. Grb2 SH2 binds to phophorylated tyrosines of
EGFR, Erbb2, PDGFR, Shc, Insulin receptor substrate 1, and focal adhesion kinase.
Grb2 SH3 binds to ras-guanine nucleotide exchange factor Sosl, mainly its
C-terminal proline-rich regions, that leads to activation of Ras/MEK/MAPK
(extracellular signal-regulated kinase, ERK) (Sastry et al. 1997; Qu et al. 2014a).
Grb2 SH2/SH3 roles were established as mediator of actin polymerization (Bisson
et al. 2012), proangiogenic events (Soriano et al. 2004) and coupling of PAKI1 to
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activated Grb2 (Puto et al. 2003). Grb2 carries out another important function—
negative regulation of cell signaling through receptor degradation that involves
ubiquitin ligases and inhibitory molecules. The assembly of kinases, such as Cbl,
and inhibitory molecules, such as Sprouty, into multiprogein complex lines out the
following events: Grb2-SH2 binds RTK phosphotyrosine, Grb2-SH3 binds RTK
proline rich region, and Cbl binds inhibitory molecules, such as SHIP. Formed
complex binds Ubc E2 enzymes initiating RTK degradation (Reebye et al. 2012).
Some SH2 domains bind pY-containing peptides in extended conformation; other,
such as GRB2 and GRB7, in B-turn conformation. The SH2 domain of Grb7
specifically binds phosphotyrosine 1139 of the ERB2 receptor; the SH2 domain of
GRB14 binds phosphotyrosine 766 of the FGFR. The SH2-GRB10 binds many
different proteins: insulin, IGF1 and PDGFb receptors, RET, KIT, Rafl, NED4, and
MEKI. Peptides inhibitors that bind to pY binding site were developed and used as
combinations treatments against cancer. Phosphotyrosine as part of a drug peptide
has drawbacks such as strong charge of the phosphogroup that impairs its ability to
cross cellular membrane (Spuches et al. 2007). Some peptides are designed to bind
pY + 1 position and exhibit high affinity toward Grb2 (Kang et al. 2007). GRB2
SH2 phosphotyrosine binding site is also used to inhibit GRB2 action by phar-
macological agents, such as bicyclic peptide BC1 and cyclic peptide HT1, mim-
icking phosphorylation. Constrained peptides despite net negative charge have
better penetration, metabolic stability, affinity and selectivity (Quartararo et al.
2014).

Grb2 C-terminal SH3 (CSH3) domain binds the N-terminal SH3 domain of
VaV, a nucleotide exchange factor for the Rho/Rac family of proteins expressed in
hematopoietic cells. VaV SH3 binding site for proline sequence is blocked by its
own RT loop and has a regulatory role. VaV forms multiprotein complexes with
involvement of Grb2 and PI3 k, SIp76, and SBC in T cells, Slp65 in B cells, and
Racl, and mitogen activated kinase in mast cells (Nishida and Hirano 2003).
N-terminal and C-terminal SH3 GRB2 domains possess different specificity toward
their ligands (Paster et al. 2013). Grb7-10-14 proteins exhibit common architecture:
N-terminus polyproline region binding SH3 domains followed by RA, PH, and
SH2 domains (Holt and Siddle 2005). RA-PH domains bind small GTPases and
phosphoinositide lipids (Qamra and Hubbard 2013).

Linker for activation of T-cells (LAT), integral membrane adaptor protein upon
TCR stimulation and phosphorylation on several tyrosines binds to SH2 of PLCy,
Grb2, or Gads. Association of Grb2 with SOS and GADS with SLP76 brings Sos,
Cbl, SLP76 and LAT together (Houtman et al. 2004).

Adaptor proteins regulation of RTKs that involves ubiquitination is important for
downregulation of their activity., Many SH3 domains are identified as
ubiquitin-binding domains that can direct proteins to degradation/recycling path-
ways. C-terminal (third) domain, one of three SH3 domains, of both adaptor pro-
teins CIN85 and CD2AP, exhibit various modes of interactions with ubiquitin.
Mechanism of EGF-dependent CD2AP/CINS5 monoubiquination allows selective
recognition by ubiquitin of various molecules (Roldan et al. 2013).
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CRM-like (CrkL), Nck (Ngoenkam et al. 2014; Li et al. 2014), Stap -2 (Sekine
2014), Gab (Wang et al. 2015), Kindlin (Qu et al. 2014b), APS (Xu et al. 2003) and
many other adaptor molecules are regulated by phosphorylation and influence
cellular pathways by extensive network of effector molecules.

10 Multiprotein Complexes and Signaling Pathways

Multiprotein complexes that are formed with receptors and adapter proteins are
important for activation of signaling pathways. Cell surface receptor signaling,
initiated with activation of the receptor in the cellular membrane, and intracellular
receptor signaling that involves molecules in the cytoplasm, the nuclear membrane,
and the nucleus, are two major routes of signal transduction. More and more data
confirm that intracellular adaptor proteins play important role to relay growth factor
signals for subsequent transcriptional and translational regulation and cell fate
determination. They are able to interact simultaneously with several other mole-
cules bringing them together in a multiprotein complex and amplify signaling
cascades (Kebache et al. 2002; Semela and Dufour 2004; Huizing et al. 2008;
Reebye et al. 2012; Au et al. 2013; Di Fiore et al. 2002; Shelby et al. 2013).

Fyn-mediated signaling pathway in bone marrow-derived mast cells induced in
response to allergic inflammation involves binding of Fyn/SH2 to vimentin,
pyruvate kinase, p62 ras-GAP associated phosphoprotein, SLP-76, HS-1, and FYB
(Nahm et al. 2003). Fyn SH3 interacts with Liver kinase B1 (LKB1) proline rich
domain and this interaction affects LKB1 subcellular localization and ability of
LKBI1 regulate phosphorylation of AMPK, its downstream signaling molecule.
Fyn/peptide interaction shows to reproduce features of kinase inhibition and AMPK
activation (Yamada and Bastie 2014). Neutrophils, responsible for host defense
against microorganisms, are mediated by various cell surface receptors, such as
G-protein-coupled receptors, Fc receptors, cytokine receptors, lectins, NOD-like
receptors, and many others. Signal transduction pathways activated by the receptors
involve Src-family kinase signaling. G-protein-coupled receptors signaling, for
instance, occurs via several pathways: PLCPB2/3, PI3 Ky, and Src-family kinase
(Futosi et al. 2013). B cell receptor (BCR) pathway regulation involves interaction
between the phosphorylated ITIM of the IgG receptor FcyRIIB and SH2 of inositol
5’-phosphatase (SHIP), proline rich motifs binding to SH3 domains of Grb2 and
PLCy, and NPXY motif of SHIP interaction with phosphotyrosine base domain of
Shc (Tridandapani et al. 1999; Leung et al. 2008).

Signaling complexes assemble via specific interactions of proteins with multiple
ligands. Membrane associated guanylate kinases (MAGUK) cluster and anchor
glutamate receptors and other proteins at synapses. The MAGUK family of proteins
includes PSD95, PSD93, SAP102, SAP97, essential components of postsynaptic
density, PSD. Stabilization of SAP102 at the PSD depends on SH3/GK domain.
Actin, a core skeletal component in spines, interacts with multiple proteins of PSD
(Zheng et al. 2010). MAGUKSs indirectly bind to actin via complexes
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SAP97—MyosinVI—actin, PSD-95—SPAR—actin, PSD-95——GKAP—Shank
——cortactin—actin, and PSD-95—NMDAR-—actinin—actin (Petralia et al. 2008).

SH2 and SH3 domains are important components of assembly of signaling
complexes. These and other protein interactions domains, such as helical toroids
and beta-helices, are highly selective toward their ligands. Protein-protein and
protein-ligand interactions to a large extent depend on specific interactions of amino
acids at secondary structure interfaces that determine parameters characterizing
angles, distances, chirality and shape of the assemblies (Kurochkina 2008;
Kurochkina and Iadarola 2015).

11 Modes of Regulation

SH2 and SH3 were shown to exhibit various ways of regulation of the kinase
activity. In ARMS/Kidins220, for instance, mutually exclusive events are observed:
binding of polyproline sequence to CrkL/SH3 domain or binding of the adjacent
phosphorylated tyrosine sequence to CrkL/SH2 domain (Arevalo et al. 2006; Akiva
et al. 2012). Similarly, coupling of phosphorylation and binding with alternation of
binding events happens in CD3e-Eps8L1/SH3-Zap70/SH2, growth hormone
receptor-Nck1/SH3-STATS-SH2, and Cbl-Src/SH3-Fyn/SH2 complexes. Some
alternatively binding pairs involve PDZ/PDZ and WW/SH2 and there exist many
potential double switches in Grb2, Ptp2, Stat3/5, Crk and other proteins.

SH2/SH3 regulation of the kinase activity also involves an interdomain linker
regions SH2/SH3 and SH2-kinase. In inactive (or closed) conformation of the
kinase demonstrated by crystallographic structures of Src and Hck, SH2 domain
binds to the phosphotyrosine pY527 in the C-terminal tale of the kinase and SH3
domain binds to the N-terminal lobe via polyproline sequence of the SH2/kinase
linker leading to movement of the regulatory helix C. Dephosphoryation of Y527 or
binding of ligand, such as viral NEF/SH3, activates the kinase. Intramolecular
interaction can be replaced by intermolecular interaction as is observed upon NEF,
HIV accessory protein, binding to Hck SH3 via polyproline region and displacing
Hck PxxP site (Jung et al. 2011). Another example is provided by the focal
adhesion kinase (FAK) activation and deactivation via SH2/SH3 interplay without
requirement for phosphorylation of corresponding Y416. Fyn, Abl, Grb2, and Lck
contain tandem SH2/SH3 domains. SH2/SH3 domains of Fyn retain conformation
reminiscent of that in complex with inactive kinase even in the absence of the
kinase domain. This conformation (3, helix) is stabilized by SH2/SH3 polyproline
sequence and represents an independent fragment (Arold et al. 2001).

Regulation by tyrosine phosphorylation is not unique to animals. For example,
genome of unicellular protist Monosiga brevicollis contains tyrosine phosphatase
(PTP) with two SH2 domains just like in animals (Zhao and Zhao 2014).
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12 Diseases and Therapies

Field of drug development has tremendous advancements as more and more new
inhibitors and mediators of catalytic activity of PTKs and protein-protein interac-
tions become available for treatments. Many more emerging therapies come from
new area of stem cell—based therapies. PTKs, protein tyrosine phosphatases, and
SH2 domains comprise a module that coordinates intracellular
phosphotyrosine-based signals as a response to extracellular ligands. Intracellular
pathways regulated by tyrosine phosphorylation play a critical role in biological
processes that maintain and restore cell life functions. One example is the process of
liver regeneration. Involvement of not only reserve progenitor cell population but to
a large extent mature hepatocytes which are stimulated to re-enter the cell cycle and
to replicate as a result of complex regulation of metabolic pathways is remarkable
demonstration of new applications (Pagano et al. 2012).

Stem cell factor receptor, c-Kit, which is mainly expressed in early hematopoetic
stem cells and detected after differentiation only in mast cells and dendritic cells,
represents attractive source of new drug development. Its mutant forms are asso-
ciated with small cell lung carcinoma, malignant melanomas, colorectal cancer, and
gastrointestinal stromal tumors. Imatinib, tyrosine kinase inhibitor of BCR/Abl and
platelet-derived growth factor, is also effective against c-Kit in GIST treatment.
Since c-Kit is involved in asthma and allergy progression, its inhibitor masitinib is
used in treatment of asthmatics (Lennartsson and Ronnstrand 2012).

Antibodies against RTKs are good for treatments that handle overexpressed
receptors. Both selective inhibitors that has fewer side effects and broad selectivity
inhibitors that target multiple pathways were designed that act in tyrosine kinase
pathways (Lennartsson and Ronnstrand 2012). Significant progress was made in
applying tyrosine kinase inhibitors in treatment of cancers including non-small-cell
lung cancer (Nguyen and Neal 2012).

Ephrin-mediated Eph receptors signaling undergoes modifications in epithelial
cancers and forms another important group of pharmacological targets, particularly
regarding nonmelanoma skin cancer and psoriasis. Abnormal EphB receptors and
Ephrin B function is linked to malignancies in the gut. EphA receptors are known
as tumor suppressors in the skin (White and Getsios 2015).

SH2 regulated pathways play an important role in most cancers including breast
and lung cancer. Targeting SH2 domains presents problems for some groups of
compounds since phosphotyrosine negative charge is an obstacle that prevents
molecules from crossing the membrane and being delivered. Nevertheless, pepti-
domimetic substances, hydroxysalycilates, overcome this problem and inhibit
STAT3 SH2. GRB2 peptidomimetic inhibitors based on phosphanates are less
charged, are able to cross cell membrane and can be used for treatments. GRB7
cyclic peptides represent another successful alternative. STAT3 pathway inhibitors,
STA-21 and cryptotanshinone, act not directly on SH2 domain of STAT3 but via
off-target sites (Brabek et al. 2005; Morlacchi et al. 2014).
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Receptor Patched 1 contains polyproline sequences at its C-terminus that bind
SH3 or WW domains. This part of the molecule is important for its interaction with
c-src and signaling via Hh pathway critical for mammary gland development in
verterbrates: the results produced by studies of mesenchymal dysplasia gene variant
(Harvey et al. 2014).

Chonic myeloic leukemia is associated with BCR-ABL tyrosine kinase activity
that affects Ras, PI3 K, Jak/Stat, and NFkB pathways stimulating proliferation and
inhibiting apoptosis. Existing therapies using tyrosine kinase inhibitors imatinib,
dasatinib, and nilotinib face resistance due to mutations in BCR-ABL gene and
stem/progenitor cells unresponsiveness. Drug resistance problem can be addressed
by introducing other candidate molecules such as adaptor protein Abil that contains
SH3 and WW40 domains which can be targeted for the disruption of AHI inter-
action with BCR-ABL and JAK?2 (Liu et al. 2012).

Stem cell based therapies find more and more applications in the development of
new treatments. Human umbilical cord perivascular cells (HUCPV), for example,
are used to produce morphologically homogenious population of fibroblastic cells
that expresses a-actin, desmin, vimentin, and 3G5 for cardiovascular tissue engi-
neering. Subpopulations of these cells do not express class I/Il major histocom-
patibility antigens and can be valuable source of compatible tissues (Sarugaser et al.
2005). Hematopoietic stem cell transcription regulation and understanding changes
associated with aging or disease provide basis for possible new treatments (Sive and
Gottgens 2014; Babovic and Eaves 2014).

Stem cell therapies have wide range of promising applications to treatments of
neuronal injuries and orthopedics medicine (Law and Chaudhuri 2013). New cell
lines are explored for their potential in promoting adult neurogenesis, particularly
transcriptional events that accompany signaling by growth factors and cytokines
leading to cell proliferation and migration (Williams et al. 2013).
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