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Ser/Thr and Tyr protein kinases orchestrate many signalling pathways and hence loss in
this balance leads to many disease phenotypes. Due to their high abundance, diversity
and importance, efforts have been made in the past to classify kinases and annotate their
functions at both gross and fine levels. These kinases are conventionally classified into
subfamilies based on the sequences of catalytic domains. Usually the domain
architecture of a full-length kinase is consistent with the subfamily classification made
based on the sequence of kinase domain. Important contributions of modular domains to
the overall function of the kinase are well known. Recently occurrence of two kinds of
outlier kinases-"Hybrid" and "Rogue" has been reported. These show considerable
deviations in their domain architectures from the typical domain architecture known for
the classical kinase subfamilies. This article provides an overview of the different
subfamilies of human kinases and the role of non-kinase domains in functions and
diseases. Importantly this article provides analysis of hybrid and rogue kinases encoded
in the human genome and highlights their conservation in closely related primate
species. These kinases are examples of elegant rewiring to bring about subtle functional
differences compared to canonical variants.
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Introduction

Analyses of genomic data show that more than 70% of eukaryotic proteins are composed of
multiple domains'. As domains determine the function and influence recognition of
evolutionary relationships among proteins, it is important to understand the role of domain
combinations and their interactions”. A major proportion of protein kinases focused in this
article are multi-domain in nature. Protein kinases that constitute about 2% of the proteomes
of most eukaryotes, phosphorylate more than 30% of the cellular proteins’. Protein
phosphorylation and dephosphorylation are the most prevalent modifications regulating the
structures and functions of proteins in a wide spectrum of cellular processes, ranging from
cell fate control to regulation of metabolism. Therefore a tight regulation of these kinases is
required for the normal functioning of any living organism. In humans, aberrant kinase
activity is implicated in a variety of diseases, in particular those involving inflammatory or
proliferative responses, such as cancer, rheumatoid arthritis, cardiovascular and neurological
disorders, asthma and psoriasis*. Directly or indirectly, more than 400 human diseases have
been connected to protein kinases and they are now considered to be the second most
important group of drug targets after G-protein-coupled receptors’. Classical protein kinases
have a canonical catalytic domain of about 250 amino acids in length, which consists of a
small N-terminal lobe made predominantly of B-sheets and a larger C-terminal lobe rich in a-
helical regions. ATP binds in a cleft between the two lobes in such a way that the adenosine
moiety is buried in a hydrophobic pocket with the phosphate backbone orientated outwards.
The binding of the substrate along the cleft of the two lobes catalyses the transfer of the
terminal y-phosphate of ATP to the hydroxyl oxygen of the Ser, Thr or Tyr residue of the

substrate®

In addition to the kinase domain it has been observed that most of the human kinases hold a
wide range of other functional domains which play major roles in regulating the activity of a
given kinase. In the classical work of Hanks and Hunter’ the entire protein kinase family has
been classified into groups and these groups are further classified into various families and
subfamilies. Classification of a protein kinase into a subfamily indicates its function, its
potential mode of regulation and the signal transduction pathway in which it is likely to
participate. This review focuses on the available information on the human kinase with
particular reference to the current understanding of the domain combinations observed in the
kinase subfamilies. We also highlight the importance of regulation of kinases by the domains

tethered to catalytic kinase domain and the relationship with diseases, focusing on the various
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disease causing mutations observed in the domains associated with kinase domain.

By and large it is observed that a given kinase subfamily type is consistent with a specific
domain architecture. However in recent genomic studies, two types of outliers have been
proposed which do not adhere to this rule and are not assigned unambiguously to a specific
subfamily®'°. The outlier kinases (which do not have domain architectures consistent with the
subfamily type) have been classified into two categories, the “Hybrid kinases” and the
“Rogue kinases”. A “Hybrid” kinase is one with the kinase catalytic domain having
characteristic features of a kinase subfamily whereas the non-kinase domains in the same
protein are characteristic feature of another kinase subfamily. A rogue kinase is one where
the non kinase domain(s)or their sequential order (architecture) is unique and usually not
observed among currently known Ser/Thr/Tyr kinases®. This review provides an analysis of
such outlier kinases seen among the human kinases and their evolutionary importance is

highlighted by analyzing their counterparts in closely related primate species.
Multi-domain nature of human kinases

Cellular information processing involving reversible protein phosphorylation requires tight
control of the localization, activity, and substrate specificity of protein kinases, which to a
large extent is accomplished by the various domains tethered to the kinases. The human
kinome can be subdivided into seven major groups according to the sequence and structure
of the catalytic domain, including TK, Tkl (tyrosine kinase-like), Ste (homologues of the
yeast sterile 7, sterile 11 and sterile 20 kinases), CK1 (casein kinase 1), AGC (family of
protein kinases A, G and C), CAMKs (calcium/calmodulin-dependent protein kinases) and
the highly conserved CMGC subgroup, which contains GSK3, CK, cyclin-dependent kinases
(CDKs) and mitogen-activated protein kinases(MAPKs)''. These groups are further classified
into various families and subfamilies based on the domain structure outside the catalytic

domain.
AGC group of kinases

AGC kinases are involved in diverse cellular functions and are potential targets for the
treatment of human diseases such as cancer, diabetes, obesity, neurological disorders,

inflammation and viral infections'>. These kinases have been classified into 22 subfamilies

(Figure 1).

Akt isoforms possess an N-terminal pleckstrin homology (PH) domain which binds to
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phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P3) and phosphatidyl inositol-3,4-
bisphosphate (PtdIns(3,4)P2). This interaction of Akt isoforms leads to the activation of these
kinases by PDK1'. SGK kinases possess a phosphoinositide-binding Phox homology (PX)
domain at its N terminus interacts with phosphatidylinositol-3-phosphate (PtdIns(3)P) and
mediates the endosomal association of these kinases, that is essential for its phosphorylation
and activation by PDKI1'. The classical PKC kinases interact with diacylglycerol and
calcium by its N-terminal conserved region 1 (C1) and C2 domains, which results in a

conformational change in these proteins that in turn mediate there activation'”.

PKNs possess three leucine zipper-like heptapeptide repeat domains at their N-terminus,
which interact with Rho-GTP and control their phosphorylation by PDK1'®. RSK and MSK
are unusual kinases with two kinase catalytic domains; the N-terminal kinase domain
(NTKD) being an AGC kinase and a C-terminal kinase domain (CTKD) which belongs to the
calcium/calmodulin dependent protein kinase family'’. PDK1 kinase which is thought to
phosphorylate more than 23 AGC kinases, localizes at the plasma membrane through its C-
terminal PH domain'®. GRK kinases modulate the activity of the GPCR proteins and the
binding of these kinases to the GPCRs is mediated by the RGS domain'®. Rho—~GTP binds to
the Rho-binding domain (RBD) of the ROCK and CRIK kinases and DMPK interacts with
Rac-GTP". The ROCK,CRIK, MRCK and DMPK subfamilies have PH domains, which
probably stabilizes their association with the membrane. Microtubule-associated Ser/Thr
kinases (MAST) contain a PDZ domain and a domain of unknown function 1908 (DUF1908),
in addition to the kinase domain. However the functions of these domains have not been

studied extensively?’.

CAMK Group

In the CAMK group, members of the MLCK, RADS53, PKD, CAMK2,Trio, DCAMKL,
CASK, DAPK and CAMKL subfamilies are multi-domain in nature (Figure 2). Beyond the
common kinase domain, the DAPK kinase, contains a long C-terminal extension with
multiple functional domains. A series of eight ankyrin repeats follows the catalytic domain
which is followed by a region that has been shown to direct the kinase to the actin
cytoskeleton. The C terminus of DAPK contains a death domain, followed by a 17 residue
tail rich in Ser residues, a feature common to other death domain-containing proteins which
are critical regulatory segments of the DAPK kinases>'. The DCAMKL kinases contain two

double cortin (DCX) domains followed by a kinase domain which plays a role in neuronal
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migrationzz. CASK (Ca**/Calmodulin dependent Serine Kinase) which plays a key role in
establishing inter-cellular contacts and plasticity at cellular junctions® contains a series of
L27 repeats, PDZ, two Src Homology 3 (SH3) domains and a C-terminal Guanylate kinase
domain. L27 domain and the PDZ domain serve as protein interaction modules to co-ordinate
interactions of CASK as a scaffolding complex and serving as a link between extracellular
matrix and the actin cytoskeleton®’. The Trio kinase in par with its name holds three
enzymatic domains, two functional GEF domains and a kinase domain. One of the GEF
domains has a rac specific activity and the other domain has a rho specific activity. In
addition the C-terminal contains Ig domain and N-terminal has four spectrin like repeats that
play a key role is interacellular targeting”. The CAMKII holds a self-association domain
(CaMKII AD) found at the C terminus, which helps in the assembly of the single proteins
into large (8 to 14 subunits) multimers®® . PKD has a putative PH domain that is reminiscent
of those found in the protein kinase B family and is important for regulating PKD’s enzyme
activity in addition to two C1 domains which bind to DAG and phorbol esters *’. In the case
of Rad53 kinase, it has been demonstrated that association of the C-terminal FHA2 domain
with phosphorylated Rad9 is essential for Rad53 activation and G2/M arrest following DNA
damage®®. In addition to its kinase activity, the myosin light chain kinase (MLCK) of smooth
muscle has an actin binding activity through which it can regulate the actin-myosin
interaction of smooth muscle®”. The Titin kinase whose kinase domain has a high similarity
with the MLCK kinase domain is sandwiched by several Immunoglobulin Fibronectin type

I1I-like domains™°.
CK1 group

The CK1 group forms a unique and small branch of the protein kinase family, populated
majorly with the CK1 gene products along with their closest relative tau—tubulin binding
kinases and the vaccinia-related kinases®'. Kinases in this group do not hold additional non-
catalytic domains outside the kinase domain except for the CK1 gamma subfamily which

holds a CK1 Gamma domain whose function is yet unknown.
CMGC Group

CMGC group of kinases comprises of dual-specificity tyrosine-regulated kinases, or dual-
specificity yak-related kinases (DYRKSs), cyclin-dependent kinases (CDKs), mitogen-
activated protein kinases (MAPKSs), glycogen synthase kinase-3 (GSK3), CDK-like kinases,

serine/arginine-rich protein kinases, cdc2-like kinases, and RCK kinases™. Similar to the
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CK1 group the members of the CMGC group members are single domain kinases.
TK group

The mammalian non-receptor tyrosine kinases (NRTKs) are divided into ten families: Src,
Abl, Jak, Ack, Csk, Fak, Fes, Frk/Fyn, Tec, and Syk33. In addition to their tyrosine kinase
catalytic domains, they all contain non-catalytic domains that are important in enzyme
regulation and substrate recognition® (Figure3A). Src family kinases have a conserved
domain architecture consisting of unique regions which are followed by SH3, SH2, and
kinase catalytic domains. The SH2 and SH3 domains are critical for targeting the Src kinases
to their appropriate cellular locations and also the regulation of the Src kinases.”. The SH3—
SH2-kinase domain arrangement is conserved in other families of non-receptor tyrosine
kinases such as Csk and Fer subfamilies playing similar roles. The Abl family of kinases
have a domain organization similar to that of the Src family kinases, with sequential Src
homology SH3 and SH2 domains preceding the kinase domain. In addition to SH2 and SH3
domains, Abl possesses an Factin-binding domain and a DNA-binding region®®. Fak
possesses two domains that mediate protein-protein in-teractions: a Ferm domain and a focal
adhesion-binding domain®’. Another modular domain, present in the Btk/Tec subfamily of
NRTKs and in many other signaling proteins, is the PH domain. PH domains mediate the
binding of these kinases to activated single complexes at the membrane by interacting with
phosphorylated phosphatidylinositol lipids®®. The Fes family of proteins hold a Fes/CIP4, and
EFC/F-BAR homology domain followed by SH2 domain. Coordinated actions of the F-BAR
and SH2 domains have been found to regulate the actin reorganization in mast cells by the
coupling to FceRI signaling”. Tandem SH2 domains are found in members of the SYK
subfamily. Engagement of these SH2 domains by tyrosine-phosphorylated immunoreceptor

tyrosine-based activation motifs leads to kinase activation and downstream signaling4o.

Receptor tyrosine kinases (RTKs) play essential roles in cellular processes, including
metabolism, cell-cycle control, survival, proliferation, motility and differentiation*’. They
have been classified into 20 different subfamilies (Figure 3B). The Ig-like domain is the most
common domain type found in the RTK ectodomains occurring in the platelet-derived growth
factor receptor PDGFR subfamily, vascular epithelial growth factor receptor VEGFR
subfamily, protein tyrosine kinase 7 PTK7, nerve growth factor receptor Trk subfamily,
receptor tyrosine kinase-like orphan receptor Ror subfamily, muscle-specific kinase MuSK

subfamily, Met subfamily, Axl subfamily and Tie subfamily**. These domains act as ligand
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binding sites for a number of growth receptors43 . Members of the InsR family each contain
three Fnlll (Fibronectin Type III domain, which is also seen in the members of the Axl
family Tie family and the Ros subfamily®®. A single Eph domain occurs in each member of
the ephrin-interacting Type A and Type B receptors (namely, EphA1-8, EphA10, EphB1-4
and EphB6)*. Discoidin domains (F8 F5 typeC) occur in the DDR subfamily of RTKs that
binds to collagen-II*>. The Mam domain in one RTK family, namely, the anaplastic
lymphoma kinase (ALK) family which regulates the kinase actitivity of the members in this
subfamily*®. The RoR family of RTKs have two kinds of domains namely frizzled and
kringle domains in addition to Ig repeats, both of which are assumed to mediate protein-
protein interactions’’. The RYK subfamily has a WIF domain (Wnt-inhibitory factor) that
helps in dimerisation with transmembrane proteins*®. The ligand binding domain of the
Ephrin receptors tyrosine kinases (EphB) which comprise of the Ephrin binding domain are
also followed by cysteine-rich regions referred to as GCC2-GCC3 repeats and the fn3

repeats49.
TKL Group

The TKL group comprises of 8 major subfamilies (Figure 4). The IRAK subfamily members
have a death domain at their C-terminal end. The death domain (DD) of IRAK-1 mediates the
interaction with other molecules of the signaling complex, e.g., the adaptor MyD8S, the
silencer Tollip, and the activator kinase IRAK-4". The LIM (Lin11/Is11/Mec3) domain is
found associated with the LIMK kinase subfamily which mediates protein-protein
interactions’’. LRRK subfamily members are large proteins encoding multiple functional
domains, including two catalytically active domains, a kinase and a GTPase domain in
addition to multiple LRR repeats>>. The MLK kinases have a C-terminal SH3 domain which
binds to dynamin and enhances the activation of GTPase™. The Raf family of proteins
contain a Ras-binding domain (RBD), which is necessary for the interaction with Ras and
with membrane phospholipids required for membrane recruitment’ and an important
inhibitory phosphorylation sites participating in the negative regulation of Ras binding and
Raf activation®”. The STKR subfamily of proteins bind to their ligands activin and TGFp with

the help of the respective domains seen in the N-terminal end of the kinase domain™.
STE group

Most of the kinases in the STE group comprise only of kinase domain while some of them

have additional regulatory domains (Figure 5) The Ask subfamily of STE11 kinases and the
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MSN subfamily of the STE20 have a CNH binding domain which interacts with the small
GTPase and regulates the actin cytoskeleton. The PAK subfamily of the STE20 kinases have
a PBD domain that binds to cdc42-GTPases activating the signaling cascade which act
upstream in the MAPK cascade’’. The FRAY subfamily of kinases consist of a OSR1 domain
which is thought to bind to WNK1 and NKCC1°®,

Mutations outside kinase domains leading to disease states

Human kinases are known to phosphorylate about ~30% of all human proteins involved in
major cellular processes, such as growth, differentiation, proliferation and apoptosis®. Given
the importance of these cellular activities, the catalytic activity of kinases involved in these
pathways is stringently regulated. Mutations in kinase genes have been identified to play
major roles in a number of human diseases such as developmental and metabolic disorders, as
well as certain cancers®. Although a major part of such mutations are found to be localized in
the kinase catalytic domain, some of them have been identified in other regulatory domains in

case of the multi-domain kinases some of which are described below.

Akt kinase, also known as protein kinase B, plays key roles in cell proliferation, survival and
metabolism. The Akt isoforms binds PIP3 through its PH domain, resulting in translocation
of Akt to the membrane. A somatic mutation that results in the E17K substitution in the PH
domain of the AKTI has been identified in human breast, colorectal, and ovarian cancers’’
and Proteus syndrome®. Lys17 alters the electrostatic interactions of the pocket and forms
new hydrogen bonds with a phosphoinositide ligand. This mutation activates AKT1 by means
of pathologic localization to the plasma membrane, stimulates downstream signaling,
transforms cells, and induces leukemia™. In 3 patients with hypoinsulinemic hypoglycemia
and hemihypertrophy, Hussain et al. identified a similar glul7-to-lys (E17K) substitution in
the PH domain of the AKT2 gene61. The same mutation in AKT3 gene was found in patients

with hemimegalencephaly (HME) which is an overgrowth syndrome®>®.

Six mutations that occur in the conserved C1 regulatory domain of the PRKCG have been

identified in patients with Spinocerebellar ataxia®*°®

. Localized solely in the brain and spinal
cord, the PRKCG has been demonstrated to be important for several neuronal functions,
including long term potentiation (LTP) and long term depression (LTD). Mutations in the C1
regulatory domain were found to severely abrogate the zinc-binding or phorbol ester-binding

capabilities of the protein.

PRKGI gene plays important roles in physiologic processes such as relaxation of vascular
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smooth muscle and inhibition of platelet aggregation. Patients with autosomal dominant
thoracic aortic aneurysm were identified with an R177Q substitution at a highly conserved
residue in the CNB-A domain of the PRKG1 gene®™®. Activation of the PRKARIA gene
occurs when 2 cAMP molecules bind to each regulatory subunit (cAMP binding domains),
eliciting a reversible conformational change that releases active catalytic subunits’'.
identified mutations in cAMP-binding domain B of the PRKAR1A gene in patients with
Acrodysotosis] and suggested that the mutation would cause reduced cAMP binding, reduced

PKA activation, and hence decreased downstream signaling.

Titin, or connectin, the giant muscle protein expressed in the cardiac and skeletal muscles
spans half of the sarcomere and plays a key role in muscle assembly, force transmission at the
Z line, and maintenance of resting tension in the I band region®. The A743V mutation
located in the alpha-actinin binding domain of titin, decreases the affinity of titin Z-repeats to
alpha-actinin by about 40% compared to normal resulting in cardiomyomathy. Another
mutation of V54M located in the telethonin binding domain of titin, showed that the mutation
decreased the affinity of titin for telethonin to about 60% of normal. Q4053X and S4465N
substitution of the N2-B domain, which is known to be expressed only in cardiac muscle was

also associated with cardiomyopathy’>.

Centronuclear myopathy 5 showed a substitution of Gly2757Val in the second fibronectin
type III domain of tSPEG’. The MLCK protein contains 9 C2-type immunoglobulin-like
homology domains, an SH2-binding domain, and a single tyrosine phosphorylation site in the
CaM-binding region. In 3 affected members of a family with aortic aneurysm and dissection
Wang et al. identified heterozygosity for a 5275T-C transition in the MYLK gene, resulting
in a Ser1759 to Pro substitution in the alpha-helix of the calmodulin-binding sequence that
was predicted to cause loss of MLCK function by altering calmodulin binding74. CHK2, a
protein kinase that is activated in response to DNA damage, is involved in cell cycle arrest.
An I157T mutation within the forkhead homology-association domain of CHK2 resulting in
Li-Fraumeni syndrome variant associated with the development of three primary tumors:
breast cancer, melanoma, and lung cancer’”. FG syndrome 4 is characterized by R28L

substitution at a highly conserved residue in the CaM-kinase domain of the CASK gene®.

R206H "™ and R202I*' substitution at the end of glycine-serine (GS) activation domain of
the ACVRI1 gene was identified in patients with Fibrodysplasia ossificans progressiva.

Parkinsn disease 8 is characterized by a R1441G/H/C substitutions in the RAS domain of
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LRRK2 gene and R1441C ®** R1441H. S257L and P261S substitution at the CR2 domain
of RAF1 gene was identified in Noonan syndrome 5**® where both the mutations showed an
increased kinase and ERK activation. T491R substitution in the CR3 domain of the RAF1
gene was also observed with patients with Noonan syndrome 5%, L603P substitution at this

domain was identified in patients with cardiomyopathy *.

Chronic myelogenous leukemia (CML) is a hematopoietic stem cell disorder characterized by
the Philadelphia chromosome, the result of a (9;22) translocation that fuses BCR sequence
with the ABL gene and produces the constitutively active, Ber-Abl tyrosine kinase. Point
mutations in the kinase domain of BCR-ABL are the most common mechanism of drug
resistance in chronic myeloid leukemia (CML) patients treated with ABL kinase inhibitors,
including imatinib. It has also been shown in vitro that mutations outside the kinase domain
in the neighboring linker, SH2, SH3, and Cap domains can confer imatinib resistance. T3151
substitution is considered a major cause of resistance to imatinab as Thr315 is important to

form a hydrogen bond with the secondary amino group of imatinib®.

In a patient with atypical X-linked agammaglobulinemia, *® found a point mutation Y361C in
the SH2 domain of BTK in a B-cell line which is a key regulator of B-cell development.
Agammaglobulinemia is an immunodeficiency disorder characterized by failure to produce
mature B lymphocytes and associated with a failure of Ig heavy chain rearrangement®’. SH2
domains are critical mediators of binding with phosphotyrosine-containing proteins in the
cell. P33T and D113V mutations located in the PH domain of BTK was also observed in
some patients **. Some patients with the same disease phenotype showed mutation in the SH3
domain®*¥. Spondylometaepiphyseal Dysplasia patients showed E113K mutation located in
the extracellular discoidin domain which affects a surface-exposed residue important in the

DDR2 collagen-binding site™.

G948W and T940I substitution in the cytoplasmic sterile-alpha-motif (SAM) domain of the
EPHA2 gene was found in patients with cataract’’”>. The FGFR tyrosine kinase members
bind to the fibroblast growth factors, and mutations in FGFR1, FGFR2, and FGFR3 that are
associated with distinct clinical entities, including achondroplasia, hypochondroplasia,
thanatophoric dysplasia, Antley-Bixler syndrome, Apert syndrome, Beare-Stevenson
syndrome, Crouzon syndrome, Jackson-Weiss syndrome, Pfeiffer syndrome, and Saethre-
Chotzen syndrome”. G237S substitution in the Ig-like domain D2°*, G48S mutation in the
Igl domain® and G348R substitution in the D3 domain’® of the FGFR1 gene were identified

Page 10 of 36



Page 11 of 36

RSC Advances

11

in patients with idiopathic hypogonadotropic hypogonadism. C342Y substitution within the
third Ig domain of FGFR2 gene has been identified as the leading causes of Crouzon
syndrome’”*. Apart from this Y328C and S347C in the same domain have been identified in
patients with Crouzon syndrome. Achondroplasia is characterized by the S279C mutation in
FGFR3 at the Igllla extracellular domain. Y278C and S84L mutations have been observed in
the extracellular domains of FGFR3 in the patients with Hypochrondroplasia®. A855T
substitution in the ATP-binding domain of FLT4 receptor was seen in patients with
Lymphedema'®. Lymphoproliferative syndrome is characterized by mutations R335W in the

BG loop of the SH2 domain'®' and R29H substitution in the PH domain of ITK'*,

Unusual domain architectures

As mentioned earlier the major kinase subgroups described by Hanks and Hunter, based on
the kinase catalytic domain, are further classified into various kinase subfamilies. These
kinase subfamilies show several domain combinations each of which is related to the
regulation and function of kinases belonging to that particular subfamily. However
interestingly in a few rare instances, it is seen that there is mix and match of these domain
combinations, wherein a particular kinase annotated to belong to specific subfamily of kinase
on the basis of its kinase catalytic domain, has a domain architecture characteristic of another
subfamily of kinase. Such kinases may be broadly classified into two categories; hybrid and

rogue kinases®.

Description of a hybrid kinase: Let us consider two classical sub-families of kinases A and
B with the characteristic property of the kinase subfamily A is to tether with a domain family
P while the kinase subfamily B typically tethers with domain family Q. However if we find a
kinase with sequence of kinase catalytic domain clearly characteristic of kinase subfamily A,
but it tethers with a domain which belongs to domain family Q then such a sequence has
chimeric or hybrid properties of two different subfamilies of kinases i.e., it has the features
of kinase subfamily A in the catalytic domain while the associated non-kinase domain is a
characteristic feature of kinase subfamily B (Figure 6A). Therefore it is inappropriate to
classify such a kinase into kinase subfamily A or B and it should be more appropriately
referred as a “hybrid kinase” with features of two different kinase subfamilies shared.
Therefore one would expect some of the properties such as substrate specificity or substrate

recruitment or mode of regulation or sub-cellular localization are different from that of the
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classical kinase subfamily. Indeed such hybrid kinases may facilitate cross talks between

signaling pathways.

Description of a rogue kinase: Let us consider a classical kinase subfamily A with a
characteristic property of this subfamily to tether with a domain family P. However if we find
a kinase with sequence of catalytic domain characteristic of kinase subfamily A, but it is
tethered to domain family R (Figure 6B) which is not typical of any known kinase subfamily
then this represents a rogue kinase with functional or regulatory characteristics different from

that of the classical subfamily A.

Hybrid kinases

Hybrid kinases correspond to the cases where the kinase catalytic domain shows good
similarity to a specific subfamily of kinases while the domain architecture is
characteristic of another kinase subfamily. And in other instances they are single domain
kinases but their classified subfamilies are typical of multi-domain kinases with specific
domain architectures. There are 14 sequences with domain combinations that are unusual
in the context of their particular kinase subfamilies identified solely on the basis of kinase
catalytic domain. These are listed in Table 1 with details of the domain combination
normally seen for the subfamily assignment, the observed domain combination in the
hybrid sequences and their corresponding subfamily.The importance of such domain

combinations are further discussed below.

G protein-coupled receptor kinases (GRKs) constitute a family of seven serine/threonine
protein kinases that specifically recognize and phosphorylate agonist-activated G protein-
coupled receptors (GPCRs).The GRK kinases have been shown to have an RGS
domain(regulator of G protein signalling homology domain) which plays an important role in
regulation of these kinases. However exceptionally it is seen that GRK2 and GRK3 contains
a PH domain with binding sites for the membrane phospholipid PIP2 and free Gy
subunits'®. Since GRK2 and 3 are cytosolic proteins, these specific interactions could help to
maintain a membrane-bound population of GRK2 prior to the agonist-dependent GRK2

. 104
translocation .

The human genome encodes four related kinases, NDR1, NDR2 , LATSI (large tumour
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suppressor-1) and LATS2 belonging to the NDR subfamily. This subfamily is characterized
by a single kinase domain with an exception of LATS1 and LATS2 which are tethered to a
UBA domain on their N-terminal region. The presence of UBA domain was thought be
restricted to the AMPK related kinases where they play an important role in regulating the
conformation, activation and localization of these enzymes'”. Similar roles of the UBA
domain in the LATS1 has been reported recently where the deletion of the N-terminal
segment of this protein was found to suppress tumor suggesting that they could also play an

important role is the regulation of the LATS kinases'®.

Doublecortin-like kinases (DCLK) are widely expressed in postmitotic neurons throughout
the embryonic nervous system. The N-terminal doublecortin domain helps in the localization

of the kinases to microtubules'’’. However the DCLK3 does not include this domain.

The KSR1 and KSR2 members of the TLK RAF subfamily comprise of Sam domain while
the other members comprise of RBD binding domain. It has been shown that the SAM

domain helps in the localization of these kinases to specific sites in the plasma membrane'®.

The members of the MLCK subfamily in general are characterized by the presence of Ig
repeats and Fibronectin type 3 like repeats which serve as molecular spring and help in the
regulation of dynamics of the filaments that constitute contractile proteins'®. Such features

are not present in MLCK 2,3 and 4 which are single kinase domain proteins.

Similarly the TNK1 kinase that belongs to the Ack subfamily does not have the canonical
domain architecture of its other subfamily member which comprise of SH3, CRIB. Mig6 and

UBA domain but retains only the SH3 domain.
Rogue kinases

The rogue kinases are those cases which show domain architectures not characteristic of
any protein kinase subfamily though the catalytic domain sequence is characteristic of a
protein kinase subfamily. The domain combinations which are considered as rogue
kinases are shown in Figure 7. The possible roles of these novel domain combinations

have been discussed below in the light of domain architecture diagrams in Figure 7.

The Autophagy protein 16 (ATG16) domain ''®M"' is shown to be involved in



RSC Advances

14

autophagym. The catalytic domain of one of the rogue kinases shows similarity to cyclic-
GMP dependent kinase. A previous study shows the loss of this kinase activity during
immortalization'''. This indicates the importance of c-GMP regulated role of this kinase

in cell survival.

The Zf-RING-like domain is involved in cytoskeleton remodelling''?. PKD kinases
usually mediate extra-cellular receptor mediated signal transduction''’. This particular
kinase has a PH domain suggesting its localization to the membrane. Therefore, this

protein kinase may suggest a regulatory role in cytoskeleton remodelling.

The DAXX domain is implicated as a transcriptional repressor and is associated with
DNA binding proteins''*. The kinase belongs to TTBK subfamily which is involved in
amyloidogenesis. However the rogue kinase characterized by tethering of kinase domain
with DAXX domain may be involved in a regulatory nature to control transcription of

certain genes.

The Mei domain is associated with a family of meiosis specific proteins which are
required for correct meiotic chromosome segregation and recombination'”. The
association of this domain with the DAPK kinase which plays a role in cell death

associated functions is interesting to note.

While all the other members of the STKR family of proteins in the TKL group comprise
of anactivin receptor domain and TGF (Transforming growth factor beta type I GS-motif)
domains, TGFR2 includes the TGF beta receptor 2 domain which influences its ligand
binding specificity.

The RIPK family of proteins do not show a conserved domain architecture as seen in the
other subfamilies of kinases. RIPK1 contains a C-terminal death domain (DD) that also
harbours a RIPK homotypic interaction motif (RHIM). RIPK2 also contains the N-
terminal kinase domain and a C-terminal caspase activation and recruitment domain
(CARD). Although RIP3 contains the N-terminal kinase domain, it has a unique C-
terminal sequence that contains only a RHIM domain. In this analysis we have considered
RIPK1 RIPK2 and RIPK3 as rouge kinases considering RIPK4 and RIPKS5 which have

the kinase domain and C-terminal ankyrin domains as the canonical architecture for this

Page 14 of 36
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subfamily.

The unique domain combinations represent an elegant framework of variations in domain
combinations to achieve variations in the overall function of the protein. This feature is
especially interesting in the case of protein kinases since it shows varied domain

combinations and regulates a large number of pathways.

Conservation across primate lineage

The presence of hybrid and rogue kinases in many eukaryotes has been established in the
previous studies in this laboratory™’. This section specifically focuses on the homologues
of human hybrid/rogue kinases in closely related primate species. Out of the 12 primate
species whose genome sequence data is available, 5 datasets are well annotated which are
appropriate for the current analysis''®. These are genome datasets of Chimpanzee, Gorilla,
Orangutan, Gibbon and Bushbaby. The conserved domain architectures of the
homologues are shown in Figure 7 and 8. Most of the primate homologues have the
hybrid/rogue domain architecture conserved. The sequence identity between the human
hybrid/rogues and primate homologues is very high which implies very similar function
of homologues as that of human hybrid/rogue kinases. Some of the hybrid kinases
contribute to different ligand specificities, compared to canonical counterparts, or cross
talks between signalling pathways by means of protein-protein interactions or recruiting
UBA domains. The rogue kinases, by means of certain domain recruitments, lead to direct
interaction with transcription machinery, changes in localization or cross talks between

signalling pathways®”’.

Discussion

This study reviews the effect of domain combination in dictating the overall function of a
kinase specifically in the context of human kinases. Over the past 20 years, many
mutations in kinase genes have been found to underlie several human diseases,
particularly developmental and metabolic disorders, as well as certain cancers. Such
mutations are sometimes located in the non-kinase domains of the protein and they have
been discussed in this review further highlighting the importance of the additional

domains in regulating the activity of a given kinase

The non-kinase domains and their sequential order are known to be related to the
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subfamily of the kinase domain. Indeed the classical approach proposed by Hanks and
Hunter to classify kinases purely based on the sequence of kinase catalytic domain has
resulted in a classification which is remarkably consistent with domain combinations in

kinases.

The present study has shown the existence of outlier kinases at two levels- with respect
to particular subfamily (hybrid kinases) and also the protein kinase family as a whole
(rogue kinases). The hybrid kinases reveal the possibility of mix and match of kinase and
non-kinase domains potentially to elicit altered overall functions compared to canonical
kinase subfamilies.. The rogue kinases potentially help in rewiring certain proteins by
simple domain recombination. Such kinases could facilitate cross-talk between two
pathways as indicated in Figure 9. Since a large amount of functional importance is
encoded throughout the sequence and not just the kinase catalytic region, there is a need
to classify kinases on the basis of full-length sequence which would supplement the
classical Hanks and Hunter classification scheme. A clustering method and clues that

would aid in such classification is provided in detail in earlier studies®.

Human kinome study has been revisited by considering full-length of kinase sequences as
most human kinases are multi-domain in nature. Since the full length sequences are to be
studied in detail it was necessary that the gene definitions and sequences were up to date.
Therefore, the latest version of human genome data was used in this study. Five primate
species were also analyzed for the presence of hybrid and rogue kinases. Many species
could be explored to study the prevalence and relevance of such kinases to achieve better
understanding the finer level functions of protein kinase sequences and their total
functional space in regulating signal transduction pathways. Discovery of more domain
families and better methods to designate domains to sequences would aid in further

characterizing the expanding repertoire of kinases.
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Legends to Figures

Figure 1: Canonical domain architecture of AGC kinases: The domain architecture of the
different subfamilies of the AGC group of kinases have been shown considering one
representative sequence from each subfamily. C1_1, conserved region; C2, conserved region
CNH, citron homology; DMPK coil, myotonin protein kinase; DUF1908, domain of
unknown function 1908; HR1, heptapetide repeat 1; MIT, microtubule-interacting and
trafficking;PB1, a protein interaction module; PBD, p21 Rho-binding domain; PDZ,
Common structural domain.; PH, pleckstrin homology; Pkinase, Protein kinase; Pkinase C,
Protein kinase C-terminal; Rho Binding, Rho-binding domain; RGS, regulator of G protein
signalling; cNMP_Binding; cNMP binding domain.

Figure2: Canonical domain architecture of CAMK kinases: The domain architecture of the
different subfamilies of the CAMK group of kinases have been shown considering one
representative sequence from each subfamily. Ank, Ankyrin repeat; Ank 2, Ankyrin repeat 2;
Ank 4, Ankyrin repeat 4; C1_1, Conserved region; CRAL Trio 2, named after cellular
retinaldehyde-binding protein (CRALBP) and TRIO guanine exchange factor; CAMKII_AD,
CamKII adhesion domain; DCX, Doublecortin; Death, Death associated domain; FHA,
forkhead-associated domain; Guanylate kin, guanylate kinase; I set, Immunoglobulin
domain; KA1, Kinase associated domain 1; L.27, protein interaction module; PAS 9, Pas
domain; PDZ, Common structural domain.; PH, pleckstrin homology; Pkinase, Protein
kinase;RhoGEF, structural domain of guanine nucleotide exchange factors for
Rho/Rac/Cdc42-like GTPases; SH3 1,SH3 2, SRC Homology 3 Domain; Spectrin, Spectrin
repeat;UBA, Ubiquitin binding domain; fn3, Fibronectin type III domain.

Figure 3 : Canonical domain architecture of tyrosine kinases: The domain architecture of the
different subfamilies of the tyrosine group of kinases have been shown considering one
representative sequence from each subfamily. A) non-receptor tyrosine kinases . BTK,Btk-
typr zinc finger; FCH, Fes/CIP4, and EFC/F-BAR homology domain; FERM_M, Ferm
domain; F-actin_bind, F-actin binding domain; Focal AT,Focal Adhesion targeting protein;
GTPase binding, GTPase binding domain; Inhibitor Mig-6, EGFR receptor inhibitor
Mig6;PH, pleckstrin homology; Pkinase Tyr, Protein Tyrosine kinase; SH2, SRC Homology
2 Domain; SH3 1,SH3 9, SRC Homology 3 Domain; ;UBA, Ubiquitin binding domain;

B) receptor tyrosine kinases. EphA2_ TM, Ephrin type-A receptor 2 transmembrane domain;
Ephrin_lbd, Ephrin receptor ligand binding domain; F5 F8 type C, Discoidin domain;
Furin-like, Furin-like cysteine rich region; Fz, Fz domain; GCC2_GCC3; GF recep 1V,
Growth factor receptor domain IV;Gly rich, Glycine rich; [-set, Ig2, IgTie2 1,
Immunoglobulin domain; Kringle, Kringle domain; LRR8, Luecine rich repeat; Ldl recept a,
Low-density lipoprotein receptor domain class A;MAM,MAM domain;PSI,Photosystem I
reaction centre; Pkinase Tyr, Protein Tyrosine kinase;SAM 1, Sterile alpha motif; Sema,
Semaphorin structural domain; TIG,IPT/TIG domain; TM, Transmembrane region; V-set,
Immunoglobulin V-set domain; WIF, WIF domain; fn3, Fibronectin type I1I domain; hEGF,
Human growth factor-like EGF.
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Figure 4 : Canonical domain architecture of receptor tyrosine kinase like (TKL) kinases: The
domain architecture of TKLs have been shown considering one representative sequence from
each subfamily. Activin_recep, Activin receptor domain; Ank, Ank 2, Ankyrin repeat; C1 1,
Conserved region; Death, Death associated domain; LIM, Lim domain; LRR 4, LRR 8
Leucine rich repeat; Miro, Mitochondrial Rho proteins; PDZ, Common structural domain;
Pkinase, Protein Kinase; Pkinase Tyr, Protein Tyrosine kinase; RBD, Rho binding domain;
SH3 9, SRC Homology 3 Domain; TGF beta GS, transforming growth factor beta (TGF-
beta) type I GSmotif.

Figure 5 : Canonical domain architecture of receptor STE group of kinases: The domain
architecture of the different subfamilies of the STE group have been shown considering one
representative sequence from each subfamily. CNH, citron homology; DUF4071, domain of
unknown function 4071; 1Q, 1Q calmodulin-binding motif; Mstl SARAH, C terminal
SARAH domain of Mstl;Myosin_head,Myosin head(motor domain); OSR1_C, Oxidative
stress responsive kinasel C-terminal; PBI1, a protein interaction module; PBD, p21 Rho-
binding domain; PKK, Polo kinase kinase; Pkinase, Protein kinase.

Figure 6 : Hybrid and rogue kinases: Mix and match of catalytic kinase domain and tethered

domain architectures to yield outlier kinases (A. Hybrid and B. Rogue).

Figure 7 : Rogue kinases with their homologues: Human kinases with kinase catalytic
domain belonging to a specific kinase subfamily, but, the tethered domain architecture is not
characteristic of that subfamily or any other subfamily of kinases. The conservation of
domain architecture of rouge kinases across other primates is represented in this figure.
ATG16, Autophagy protein 16 (ATG16); CARD, Caspase recruitment domain; DEATH,
Death associated domain;Mei4, Meiosis-specific protein PX, phosphoinositide-binding
structural domain; Pkinase, Protein kinase. Pkinase Tyr, Protein Tyrosine kinase; Pkinase C,
Protein kinase C-terminal; RHIM, RIP homeotypic interaction motif; cNMP_Binding;
cNMP binding domain; ecTbetaR2, Transforming growth factor, beta receptor II.

Figure 8: Hybrid kinases with their homologues: Human kinases with kinase catalytic
domain belonging to a specific kinase subfamily, but, the tethered domain architecture is not
characteristic of that subfamily but to another subfamily of kinases. The conservation of
domain architecture of hybrid kinases across other primates is represented in this figure.
C1_1, Conserved region; KSR1-SAM, SAM like domain present in kinase suppressor RAS 1;
PH, pleckstrin homology; Pkinase, Protein kinase; Pkinase C, Protein kinase C-terminal
RGS, regulator of G protein signalling; ; SH2, SRC Homology 2 Domain; SH3 1,SH3 9,
SRC Homology 3 Domain; ;UBA, Ubiquitin binding domain;

Figure 9. Cartoon representation of cross-talks between pathways mediated by rogue kinases.
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Table 1. List of hybrid kinases. Details of canonical domain architecture of the classified kinase

subfamily and cognate kinase subfamily corresponding to the atypical domain are also provided.

Cognate kinase
Observed subfamily
Normal domain
Protein ID | Group | Subfamily domain corresponding to
association
association the observed
domain
QINRM7 AGC NDR Single kinase domain UBA CAMKL(CAMK)
095835 AGC NDR Single kinase domain UBA CAMKL(CAMK)
AKT, CRIC,ROCK
P34947 AGC GRK RGC PH (AGC)
PKD(CAMK)
AKT, CRIC,ROCK
P26098 AGC GRK RGC PH (AGC) PKD
(CAMK)
Single
Q9C098 CAMK | DCAMKL DCX kinase
domain
Single
QIUIK4 CAMK DAPK Ank,Death domain kinase
domain
Single
Q32MKO0 CAMK MLCK I-set, Fn3 kinase
domain
Single
Q9HI1R3 CAMK MLCK I-set, Fn3 kinase
domain
A86YV6 | CAMK | MLCK I-set, Fn3 Single
kinase
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domain
Q6VAB6 TKL RAF RBD, C1 SAM Eph(TK)
Q8IVTS TKL RAF RBD, C1 SAM Eph(TK)
No
Ldl_receptor
P29376 TK ALK Ldl_receptor, MAM , MAM but Atypical
Gly_rich
domain
Only SH3 Csk, Fyn, Src (TK)
P42681 TK TEC PH,BTK,SH3,SH2
SH2
SH3,GTPase,MIg6,U Only SH3
Q13470 TK Ack Abl, Src, Csk (TK)

BA

domain
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Figure 1: Canonical domain architecture of AGC kinases: The domain architecture of the different subfamilies
of the AGC group of kinases have been shown considering one representative sequence from each
subfamily. C1_1, conserved region; C2, conserved region CNH, citron homology; DMPK_coil, myotonin
protein kinase; DUF1908, domain of unknown function 1908; HR1, heptapetide repeat 1; MIT, microtubule-
interacting and trafficking;PB1, a protein interaction module; PBD, p21 Rho-binding domain; PDZ, Common
structural domain.; PH, pleckstrin homology; Pkinase, Protein kinase; Pkinase_C, Protein kinase C-

; Rho_Binding, Rho-binding domain; RGS, regulator of G protein signalling; cNMP_Binding; cNMP

binding domain.
229x309mm (300 x 300 DPI)



RSC Advances Page 28 of 36

CAMIK_CAMK1

e
CAMK_CAMKII fm S |
CAMK_CAMKL_AVPK -~
CAMK_CAMKL_BRsK (N
CAMK_CAMKL_CHK!

CAMK_CAMKL_HUNK
CAMK_CAMKL_MARK
CAMK_CAMKL_MELK
CAMK_CAMKL_NAUK
CAMK_CAMKL_NIM1
CAMK_CAMKL_PASK
CAMK_CAMKL_QIK
CAMK_CAMKL_SNRK

%llliini

CAMK_CASK
CAMK_DAPK ono M
CAMK_DCAMKL
CAMK_LKB!
CAMK_MAPKAPK
CAMK_MLCK
CAMK_PHK
CAMK_PIN
CAMK_PKD
CAMK_PSK
CAMK_RADS3

iﬁ"z"i

CAMK_TRBL

CANK_TRIO - i@t OO

CAMK_TSSK

CASK_MNK

R Ank (P Ank 2 EREAnk 4 Blci 1 4B CRAL_TRIO_2
Eilcamki_ap  p@@{pex [ peath W/ FHa A cuanylate_kin
@) -set @ Kat @ <O>Pas 9 @ roz
JOS(rH Bl Prinase @D RrnoGEF TR SH3 1 B sH3 2

I spectrin [ LT O m

Figure2: Canonical domain architecture of CAMK kinases: The domain architecture of the different
subfamilies of the CAMK group of kinases have been shown considering one representative sequence from
each subfamily. Ank, Ankyrin repeat; Ank_2, Ankyrin repeat 2; Ank_4, Ankyrin repeat 4; C1_1, Conserved

region; CRAL_Trio_2, named after cellular retinaldehyde-binding protein (CRALBP) and TRIO guanine
exchange factor; CAMKII_AD, CamKII adhesion domain; DCX, Doublecortin; Death, Death associated
domain; FHA, forkhead-associated domain; Guanylate_kin, guanylate kinase; I set, Immunoglobulin
domain; KA1, Kinase associated domain 1; L27, protein interaction module; PAS_9, Pas domain; PDZ,
Common structural domain.; PH, pleckstrin homology; Pkinase, Protein kinase;RhoGEF, structural domain of
guanine nucleotide exchange factors for Rho/Rac/Cdc42-like GTPases; SH3_1,SH3_2, SRC Homology 3
Domain; Spectrin, Spectrin repeat;UBA, Ubiquitin binding domain; fn3, Fibronectin type III domain.
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Figure 3 : Canonical domain architecture of tyrosine kinases: The domain architecture of the different
subfamilies of the tyrosine group of kinases have been shown considering one representative sequence from
each subfamily. A) non-receptor tyrosine kinases . BTK,Btk-typr zinc finger; FCH, Fes/CIP4, and EFC/F-BAR

homology domain; FERM_M, Ferm domain; F-actin_bind, F-actin binding domain; Focal_AT,Focal Adhesion
targeting protein; GTPase_binding, GTPase binding domain; Inhibitor_Mig-6, EGFR receptor inhibitor

Mig6;PH, pleckstrin homology; Pkinase_Tyr, Protein Tyrosine kinase; SH2, SRC Homology 2 Domain;

SH3_1,SH3_9, SRC Homology 3 Domain; ;UBA, Ubiquitin binding domain;

B) receptor tyrosine kinases. EphA2_TM, Ephrin type-A receptor 2 transmembrane domain; Ephrin_lbd,
Ephrin receptor ligand binding domain; F5_F8_type_C, Discoidin domain; Furin-like, Furin-like cysteine rich
region; Fz, Fz domain; GCC2_GCC3; GF_recep_IV, Growth factor receptor domain IV;Gly_rich, Glycine rich;

I-set, Ig2, IgTie2_1, Immunoglobulin domain; Kringle, Kringle domain; LRR8, Luecine rich repeat;
Ldl_recept_a, Low-density lipoprotein receptor domain class A;MAM,MAM domain;PSI,Photosystem I
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reaction centre; Pkinase_Tyr, Protein Tyrosine kinase;SAM_1, Sterile alpha motif; Sema, Semaphorin
structural domain; TIG,IPT/TIG domain; TM, Transmembrane region; V-set, Immunoglobulin V-set domain;
WIF, WIF domain; fn3, Fibronectin type III domain; hEGF, Human growth factor-like EGF.
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Figure 4 : Canonical domain architecture of receptor tyrosine kinase like (TKL) kinases: The domain
architecture of TKLs have been shown considering one representative sequence from each subfamily.
Activin_recep, Activin receptor domain; Ank, Ank_2, Ankyrin repeat; C1_1, Conserved region; Death, Death
associated domain; LIM, Lim domain; LRR_4, LRR_8 Leucine rich repeat; Miro, Mitochondrial Rho proteins;
PDZ, Common structural domain; Pkinase, Protein Kinase; Pkinase_Tyr, Protein Tyrosine kinase; RBD, Rho
binding domain; SH3_9, SRC Homology 3 Domain; TGF_beta_GS, transforming growth factor beta (TGF-
beta) type I GS motif.
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Figure 7 : Rogue kinases with their homologues: Human kinases with kinase catalytic domain belonging to
a specific kinase subfamily, but, the tethered domain architecture is not characteristic of that subfamily or
any other subfamily of kinases. The conservation of domain architecture of rouge kinases across other
primates is represented in this figure. ATG16, Autophagy protein 16 (ATG16); CARD, Caspase recruitment
domain; DEATH, Death associated domain;Mei4, Meiosis-specific protein PX, phosphoinositide-binding
structural domain; Pkinase, Protein kinase. Pkinase_Tyr, Protein Tyrosine kinase; Pkinase_C, Protein kinase
C-terminal; RHIM, RIP homeotypic interaction motif; cNMP_Binding; cNMP binding domain; ecTbetaR2,
Transforming growth factor, beta receptor II.

229x311mm (300 x 300 DPI)



RSC Advances Page 36 of 36

G3R6QS5IGoriIla_gorilla
HOX349|0tolemur_garnattii
H2Q482|Pan_troglodytes
P25098|Homo_sapiens
H2NCP1|Pongo_abelii
H9FQI5IMacaca_mulatta
P35626|Homo_sapiens
G3Q007|Gerilla_gorilla
HOWMT1|Otolemur_garnettii
H2P3W1|Pongo_abelii
HoFQl6Macaca_mulatta
K7B2K4|Pan_troglodytes
F7EDVO|Macaca_mulatta
G3RK78|Gorilla_gorilla
HOXHZ1|Otolemur_garnattii
H2NNG2IPongo_abslii
H2Q9K2|Pan_troglodytes
QaUIK4|Homo_sapiens
Qacogs|Homo_sapiens

G3RKTg|Gorilla_gorilla

G7MJ27|Macaca_mulatta

HoOY1 _gamnettii
H2PB72|Pongo_abslii

1.

Q8IVT5|Homo_sapiens

F7F1U6|Macaca_mulatta

0199

i

G3QEV2|Gorilla_gorilla L>
HOXMK2|Otolemur_gametti
H2NT16IPongo_abelii >

QBVABE|Homo_sapiens
H208Z2|Pan_troglodytes

HOWSX5|Otolemur_garnettii

G7NSR6|Macaca_mulatta

G3RRQOIGorilla_gorilla

H2NIT5[Pongo_abelii

095835|Homo_sapiens

_gorilla
G _mulatta
HOX731 _garnettii
H |Pongo_abelii

H2QTWS5|Pan_t

H2NJD1|Pongo_abelii

HOWSG7|Otol _garmetti

G3R767|Gorilla_gorilla

H2Q796|Pan_t

HHWHN

QINRM7|Homo_sapiens

H9H421|Macaca_mulatta

H 1!

P42681|Homo_sapiens

H2PD90IPongo_abelii

_aarnetti

[ illa_gorilla
F7ADLSIMacaca_mulatta
HOXATS|Otolemur_gamettii

G3QHY8|Gorilla_gorilla

_mulatta
H2NSIgIPongo_abelii
H2QC34|Pan_troglodytes

b

Q13470|Homo_sapiens

q@@ci_ @ ksr1-sav [ PH W Pkinase S Pxinase_c  JD) Pkinase_Tyr
[N ] sz A1 @i s @D usa

Figure 8: Hybrid kinases with their homologues: Human kinases with kinase catalytic domain belonging to a
specific kinase subfamily, but, the tethered domain architecture is not characteristic of that subfamily but to
another subfamily of kinases. The conservation of domain architecture of hybrid kinases across other
primates is represented in this figure. C1_1, Conserved region; KSR1-SAM, SAM like domain present in
kinase suppressor RAS 1; PH, pleckstrin homology; Pkinase, Protein kinase; Pkinase_C, Protein kinase C-
terminal RGS, regulator of G protein signalling; ; SH2, SRC Homology 2 Domain; SH3_1,SH3_9, SRC
Homology 3 Domain; ;UBA, Ubiquitin binding domain
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Figure 9. Cartoon representation of cross-talks between pathways mediated by rogue kinases.
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Text: A twist in the evolution of human kinases resulting in kinases with hybrid and rogue properties



