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Abstract

Background: Phosphorylation by protein kinases is central to cellular signal transduction.
Abnormal functioning of kinases has been implicated in developmental disorders and
malignancies. Their activity is regulated by second messengers and by the binding of associated
domains, which are also influential in translocating the catalytic component to their substrate
sites, in mediating interaction with other proteins and carrying out their biological roles.

Results: Using sensitive profile-search methods and manual analysis, the human genome has been
surveyed for protein kinases. A set of 448 sequences, which show significant similarity to protein
kinases and contain the critical residues essential for kinase function, have been selected for an
analysis of domain combinations after classifying the kinase domains into subfamilies. The unusual
domain combinations in particular kinases suggest their involvement in ubiquitination pathways
and alternative modes of regulation for mitogen-activated protein kinase kinases (MAPKKs) and
cyclin-dependent kinase (CDK)-like kinases. Previously unexplored kinases have been implicated
in osteoblast differentiation and embryonic development on the basis of homology with kinases of
known functions from other organisms. Kinases potentially unique to vertebrates are involved in
highly evolved processes such as apoptosis, protein translation and tyrosine kinase signaling. In
addition to coevolution with the kinase domain, duplication and recruitment of non-catalytic
domains is apparent in signaling domains such as the PH, DAG-PE, SH2 and SH3 domains.

Conclusions: Expansion of the functional repertoire and possible existence of alternative modes
of regulation of certain kinases is suggested by their uncommon domain combinations.
Experimental verification of the predicted implications of these kinases could enhance our
understanding of their biological roles. 
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Background 
Many cellular stimuli are channeled through a number of sig-

naling molecules that result in alterations in the transcrip-

tional and translational status of gene(s) to bring about the

desired response. Reversible protein phosphorylation is one

of the key mechanisms commonly used in signal transduction

to alter the functional states of the signaling proteins. Cova-

lent attachment of a phosphate group to target proteins by

protein kinases modulates the functional status of a myriad

of proteins involved in cellular signaling networks. Protein

kinases are essential to the regulation of diverse

cellular processes including metabolism, stress responses,
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transcription, translation, DNA replication and cell-cycle-

control [1,2]. In the multicellular eukaryotes they are also

involved in more evolved functions such as organ and limb

development, neuronal signaling, apoptopsis and cell-cell

communication [3,4]. Abnormal functioning of protein

kinases has been implicated in a large number of human dis-

eases and many of them have been identified as proto-onco-

genes [5,6]. 

Serine/threonine kinases and tyrosine kinases make up one of

the largest known protein families. Commonly referred to as

the eukaryotic protein kinases (ePKs), these share a common

three-dimensional fold [7]. The catalytic domain comprises an

amino-terminal lobe containing mostly � strands and a

carboxy-terminal lobe containing mainly � helices. The ATP-

binding and substrate-binding sites are located in and around

the cleft between the two lobes. The ePKs have been further

classified into various subfamilies on the basis of the sequence

similarity of the catalytic kinase domains [1,8,9]. However,

the members of a subfamily often have similar substrate

specificities and modes of regulation at a general level. ePKs

are regulated by diverse means that include binding of an

additional subunit, autophosphorylation and interaction

with other domains within the polypeptide chain [10].

Using the first drafts of the human genome data [11], we

report here on the repertoire of protein kinases in the human

genome and their domain structures. We have classified the

human kinases following Hanks and Hunter’s [1,8,9] classifi-

cation scheme and present them online at our kinases in

genomes (KinG) website [12] and as Additional data files

available with the online version of this paper. This list of

kinases has been carefully arrived at after eliminating

sequences that lack critical functional residues, in particular

the ATP-binding glycine-rich motif and the catalytic aspar-

tate [7]. These residues are indicated in the multiple sequence

alignments of catalytic domains given in the additional data

files. Fragments of protein kinases of less than 200 residues

and lacking the functional residues have not been considered

in the analysis. These include 24 gene products in the list

with less than 200 residues that are probably pseudogenes.

Hence, all the kinases used in the analysis are likely to be

active kinase gene products and are unlikely to be psuedo-

genes. However, this paper discusses particularly those

members of the kinase family with unusual domain combina-

tions and those variants not studied so far, to the best of our

knowledge, by experiment. We have compared the human

kinase gene products with those encoded in the genomes of

fruit fly [13], worm [14] and yeast [15]. A search in the human

genome has also been carried out to identify the homologs of

various subfamilies of bacterial protein kinases [16].

Results and discussion 
From our survey of the human genome using various sensi-

tive family-profile search methods, the data available in

public databases, the presence of functional sequence motifs

and manual analysis (see Materials and methods), we chose

a dataset of 448 sequences for analysis of their domain

structures and analysis of sequences not studied experimen-

tally so far. We originally found 556 sequences of sufficient

length and showing statistically significant E-values in the

alignment with bona fide protein kinases. Although these

sequences are expected to adopt the fold of a protein kinase,

108 of them lacked the glycine-rich motif or the catalytic

base aspartate, or both, and hence do not have the essential

requirements of a functional protein kinase (see Materials

and methods for details). We have not considered these 108

sequences in the current analysis and confined it to 448

clear-cut cases. In addition, 11 lipid kinases have also been

identified; these belong to the class of phosphoinositide-3

and phosphoinositide-4 kinases having structural similarity

to the catalytic domain of protein kinases. The list of all the

putative protein kinases used in this analysis, their classifi-

cation into groups, multiple sequence alignment with indica-

tions of critical functional residues and the domain

structures are given at [12] and in the Additional data files.

The completed genomes of Drosophila melanogaster,

Caenorhabditis elegans and Saccharomyces cerevisiae have

also been surveyed and we used datasets containing 257, 474

and 122 gene products, respectively, containing regions with

significant sequence similarity to the catalytic kinase

domain. The number of protein kinases in the genomes ana-

lyzed here varies slightly from those reported by other

groups [11,13-15,17] and in the public databases. This dispar-

ity is likely to be due to the sensitivity of the search methods

and frequent updating of the draft version of the human

genome. In the current analysis, the protein kinase

homologs have been detected using a variety of sensitive

methods and also by manual inspection to exclude most of

the kinase-like sequences lacking functionally critical

residues and those gene products that are very short. Our

present study is focused only on the clear cases that are

unlikely to be altered as a result of further changes in the

dataset. In particular, we have used a stringent criterion in

our search procedures (see Materials and methods) to avoid

false positives. We have also consulted the datasets of

kinases extracted from websites such as Superfamily [18,19],

InterPro [20] and kinase.com [21], as well as ensuring the

presence of functional sequence motifs, in order to decide on

the list of kinases that is here.

Most human protein kinases have been classified into major

subfamilies proposed by Hanks and Hunter [1,8,9], as

described in Materials and methods. The most highly popu-

lated subfamilies are CAMK, receptor/non-receptor tyro-

sine kinases, CMGC and AGC (see Materials and methods

for abbreviations) containing 81, 94, 72 and 69 proteins

respectively. The casein kinase subfamily has only 12

members in the human genome. The protein kinases not

included in the above subfamilies belong to other subfami-

lies, which include the polo family, MEK, MEKK, PAK,
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NimA, mixed-lineage kinase (MLK), activin-TGF� recep-

tors, Wee1-Mik1, Raf and kinases involved in translational

control. A detailed analysis of the members of the classical

kinase subfamilies will be published elsewhere. Recent

studies have identified four novel subfamilies of eukaryotic

protein kinase-like sequences in bacteria [16] and homolo-

gous members of these subfamilies have been identified in

the human genome. They include three homologs from the

RIO1 subfamily, and eight and four members from the

PID261 and ABC1 subfamilies, respectively. No homologs

have been identified for the AQ578 subfamily of the bacter-

ial protein kinases.

Protein kinases with uncommon combination of
domains 
The high degree of functional diversification among the

protein kinases is made possible by their ability to interact

with large numbers of cellular proteins. These interactions

are mediated through additional subunits or domains of the

kinase that are regulatory or act as protein-interaction

modules. The functions of these non-catalytic domains thus

suggest the biological roles of the kinase and the specificity

of the proteins or other ligands that bind to their specific

domains. We identified 89 single-domain kinases encoded in

the human genome, which are probably regulated by sepa-

rate subunits. Clearly, a majority (359 sequences - about

80%) of the human protein kinases contain at least one

domain other than the catalytic kinase domain.

The current survey has revealed the domain combinations of

some protein kinases in which the role of the associated

domains in relation to the overall biological function of the

kinase is unclear. Figure 1 shows the sequence of domains of

protein kinases with uncommon domain combinations.

MARK-4 (ENSP246363; this id can be related to the corre-

sponding Ensembl id by inserting five zeros after ENSP; a

table showing the gi codes that corresponde to these ids is

available as an additional data file), whose catalytic domain

has highest similarity to the CAMK subfamily, is associated

with UBA (ubiquitin-associated domain) and KA1 (kinase-

associated domain) (Figure 1a). MARK-4 is involved in mito-

genic signaling and is crucial to microtubule disruption [22].

The presence of the UBA suggests a role for this kinase in

integrating mitosis with the ubiquitination pathway, which

is needed to break down the microtubules, by means of its

association with ubiquitin through its UBA domain. The

NF�B inhibitor kinase (IKK) (ENSP220806) [23,24] has a

key role in phosphorylating the inhibitor of the transcription

factor NF�B, I�B, leading to its ubiquitination and degrada-

tion, the subsequent activation of NF�B and enhancement of

transcription. The presence of a ubiquitin domain (Ubiq-b)

at the carboxyl terminus of IKK (Figure 1b) suggests that

degradation of I�B is mediated through the ubiquitin

domain directly, or by its association with other ubiquitins.

The human genome encodes two additional homologs of

IKK. A non-receptor tyrosine kinase (ENSP081325) [25]

associated with Cdc42 (a GTPase) contains an SH3 domain,

which mediates protein-protein interactions through the

polyproline conformation, and a UBA domain (Figure 1f).

MARK-4, Cdc42-associated protein kinase and IKK there-

fore suggest an active involvement of protein kinases in the

ubiquitin pathways. 

A protein kinase (ENSP232797) with two HEAT and six WD

repeats following the catalytic domain has been identified

(Figure 1d). The HEAT motifs are known to form �-helical

repeats, resulting in suprahelical structures that serve as

protein-recognition interfaces [26] as understood for the

PR65 subunit of phosphatase 2A [27]. The domain structure

and the sequence pattern of the catalytic domain of this

protein kinase are distinct from those of known kinase sub-

groups, suggesting a distinct subgroup. 

The protein kinases involved in the regulation of protein

translation are activated in various ways. In addition to the

well-known members of this class, namely eIF2� kinase

(ENSP242081) [28] and protein kinase-R (PKR)

(ENSP233057; Figure 1g) [29], the current study revealed

the presence of a protein kinase with a single-strand RNA-

binding motif (RRM) (Figure 1e). This kinase (ENSP235784)

is known to be associated with the stathmin gene implicated

in leukemia [30]. The presence of RRM suggests that RNA

binding could be influential for its activity and suggests a

probable role in the phosphorylation of proteins controlling

translation or RNA-associated proteins. 

A DMPK (myotonic dystrophy kinase)-like protein kinase

(ENSP216542; Figure 1c) [31] has a phorbol-ester binding

(DAG_PE) domain followed by a pleckstrin homology (PH)

domain and a CNH domain. The catalytic domain has high

similarity to the kinases of the AGC group. The presence of

the PH domain may suggest an association with the mem-

brane. The PH domain could also mediate interaction with

small G proteins, as DMPK is known to interact with Cdc42, a

GTPase proximal to the membrane [31]. Hence, the domain

combination of this kinase is consistent with a regulatory

mechanism mediated by the Cdc42 GTPase and its action

downstream in the small G-protein-mediated pathways. 

Another kinase encoded in the human genome (gi13652062)

shows similarity to the mitogen-activated protein kinase

kinase (MAPKK) catalytic domain and contains an octicos-

apeptide repeat (OPR) domain which is known to occur in an

isoform of protein kinase C (PKC) [32]. This divalent cation-

binding domain suggests an influence of divalent cations in

mitogenic signaling.

The Trio kinase (triple-function domain) (ENSP252004)

[33] belonging to the CAMK group is unique in having two

guanine-nucleotide-exchange factor (GEF) domains, one

specific for Rho and the other for Rac (Figure 1k). As the

amino-terminal GEF is involved in the activation of Jun



kinases and in the production of membrane ruffles [33], it

appears that the kinases upstream to Jun kinases could be

the probable targets of the Trio kinase. Another member of

the CAMK group (gi13651132; not shown in Figure 1) con-

tains SH3, PDZ and guanylate kinase domains. The PDZ

domain may mediate the membrane-association property of

this kinase. Whereas the SH3 domain might mediate inter-

protein or interdomain interactions, it is intriguing to note

the existence of a potential catalytic guanylate kinase

domain alongside a protein kinase domain.

A protein kinase of the CMGC group (ENSP234972) with eight

ankyrin repeats at the amino terminus has the characteristic

sequence of the C-helix of cyclin-dependent kinases (CDKs)

4 Genome Biology Vol 3 No 12 Krupa and Srinivasan

Figure 1
Schematic representation of uncommon domain combinations in protein kinases encoded in the human genome. (a) MARK-4 (ENSP246363); (b) IKK
(ENSP220806); (c) DMPK (myotonic dystrophy kinase)-like protein kinase (ENSP216542); (d) function unknown (ENSP232797); (e) stathmin-associated
kinase (ENSP235784); (f) non-receptor tyrosine kinase associated with Cdc42 (ENSP081325); (g) protein kinase-R (ENSP233057); (h) function unknown
(ENSP251707); (i) MAP kinase kinase (gi3652062); (j) protein kinase, function unknown (ENSP234972); (k) Trio kinase (ENSP252004). Protein kinase
domains are shown in red and the other domains are labeled as follows: CNH, Citron Nik1-like kinase homology domain; DAGPE, diacylglycerol/phorbol
ester-binding domain; DSRM, double-stranded RNA-binding motif; GEF, guanine-nucleotide exchange factor; HEAT, a conserved domain in huntingtin,
elongation factor 3, a-regulatory subunit of PP2A and Tor1 protein; Ig, immunoglobulin domain; KA1, kinase-associated domain; OPR, octicosapeptide
repeat; PH, pleckstrin homology domain; RRM, RNA recognition motif; SH3, Src homology 3 domain; TM, transmembrane region; UBA, ubiquitin-
associated domain; Ubiqb, ubiquitin domain. In (k) the amino- and carboxy-terminal RhoGEF domains are known to bind to Rho and Rac GTPases,
respectively.
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conserved in the catalytic domain (Figure 1j). Interaction of

the CDK inhibitors belonging to the p19INK family occurs

through the ankyrin repeats of the inhibitor [34], and the

inhibitors exist as separate genes (not fused to the catalytic

kinase domain as in ENSP234972). Hence, the role of ankyrin

domains in this member of the CDK-like kinase subfamily of

the CMGC group could be intramolecular regulation.

Also identified were CDK-7-related kinase (ENSP234626)

with an insertion of 173 residues in the activation loop that

continues as the subdomain X, following which is another

insertion of 113 residues that extends as the carboxy-termi-

nal end of the catalytic domain. Serine/threonine kinase-23

of the CMGC group has an insertion of 134 residues between

the catalytic loop and activation loop and a second insertion

occurs following the subdomain X, which is 86 residues

long. An unannotated kinase gene product corresponding to

the TREMBL entry tr|CAC39299| has an insertion of 144

residues between the catalytic loop and the activation

loop. The dual-phosphorylation-regulated kinase homolog

(ENSP247840) also has an insertion between the X subdo-

main and the carboxy-terminal end of the catalytic domain.

These insertions could constitute a separate domain and

probably confer different substrate specificity to the kinases,

as they are located in the carboxy-terminal lobe. 

Hypothetical protein kinases not studied
experimentally so far 
Human protein kinases have been extensively studied for a

long time. However, the functions and mode of regulation of

several of them are still unclear. Our analysis has added to the

list of protein kinases whose functions are not yet well under-

stood. In almost all these cases, closely similar homologs of

these domains are found in other eukaryotes. We have identi-

fied at least 12 human gene products with a clear similarity to

protein kinases, but to the best of our knowledge these genes

are unexplored by experimental analysis. A list of these kinases

with their domain assignments is shown in Figure 2. Two

(ENSP250481 and GenBank gi 13652558) contain only a single

functional (catalytic) domain, (Figure 2c,d). The rest have

long amino-terminal and carboxy-terminal extensions. The

catalytic domains in most of these putative protein products

could be associated to a known group (subfamily) of protein

kinases because of a high similarity of the catalytic regions.

Two protein kinases (ENSP207880 and ENSP188359)

(Figure 2a,g) show repeat motifs of the ARM repeats family.

However, the catalytic domains of one of them (Figure 2g)

are similar to the AGC subfamily, whereas the other kinase

does not seem to belong to any of the known subfamilies.

The ARM repeat is evolutionarily related to the HEAT

repeat, and they usually act as scaffold modules enabling

interaction with other proteins [35]. 

A protein kinase (ENSP251197; Figure 2j) with a PDZ

domain and regions homologous to mouse kinases (MH1
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Figure 2
Schematic representation of the domain assignments to hypothetical
protein kinases encoded in the human genome. Protein kinase domains
are shown in red. The other domains are labeled as follows: ARMB, ARM
repeats of �-catenin-like proteins; ARMH, HEAT-related ARM-repeats;
eH, homologous regions found in proteins of eukaryotes (C. elegans,
D. melanogaster, Arabidopsis thaliana); HH, homologous region found in
human proteins; MH, homologous regions found in proteins of mammals
(mouse and human); PDZ, a conserved domain in PSD95, DLG and ZO-1;
PrH, homologous regions found in proteins of primates (Macaca species
and human); TM, transmembrane region. (a) function unknown
(ENSP207880); (b) function unknown (ENSP252105); (c) function
unknown (gi13652558; homologs have been found only in eukaryotes);
(d) function unknown (ENSP250481; homologs have been found only in
mouse); (e) function unknown (ENSP234334); (f) function unknown
(ENSP232788); (g) function unknown (ENSP188359); (h) predicted
BMP2-inducible kinase (ENSP251485); (i) protein kinase involved in
embryonic development (ENSP250887); (j) protein kinase associated with
the dystrophy complex (ENSP251197); (k) protein kinase similar to
mouse apoptosis-associated kinase (ENSP251707); (l) protein kinase of
unknown function (ENSP244847).
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and MH2) is currently known only from the human and

mouse genomes. The kinase domain of this gene product has a

sequence identity of 71% to the microtubule-associated testis-

specific serine/threonine kinase (MAST-205) [36]. MAST-205

is known to be associated with microtubules that are part of

contractile structures. The regions at the amino and carboxyl

termini of the kinase are homologous with the regions flank-

ing the kinase domain of the syntrophin-associated protein

kinase implicated in muscular dystrophy [37]. Translocation

of the proteins constituting the dystrophy complex is aided by

the PDZ domains of syntrophins that interact with the syn-

trophin-associated kinase [38]. From the domain combination

observed in ENSP251197, a role for this protein kinase in the

phosphoregulation of protein components of the dystrophy

complex cannot be precluded. Assignment of biological func-

tion by virtue of similar domain combinations is consistent

with previous studies [39] where conservation of domain

order in proteins of similar domain combinations is suggested

as an important means of functional conservation among

various multidomain proteins. However, definite implication

of ENSP251197 in the regulation of proteins of the dystrophy

complex will require experimental studies. 

Also included in this list is the protein kinase ENSP250887

(Figure 2i), which is closely related to HrPOPK1 of Halocyn-

thia roretzi and Lok1p protein kinase of Drosophila. Both

these are implicated in the establishment of the embryonic

axis [40,41], suggesting a probable involvement of this

human kinase in embryonic development.

A tyrosine kinase (ENSP251707, Figure 2k) with a predicted

transmembrane region and similarity to the mouse apopto-

sis-associated tyrosine kinase [42] is identified in the human

genome, suggesting a probable role of this human tyrosine

kinase in apoptosis. If a search of the sequence databases is

made, a large number of different tyrosine kinases appear as

hits, following the mouse apoptosis-associated tyrosine

kinase as the top hit. 

A homolog of the mouse BMP2-inducible protein kinase

(ENSP251485, Figure 2h) has also been identified in the

human genome. The BMP2-inducible kinase has a regula-

tory role in osteoblast differentiation [43], suggesting a

similar role for the human kinase.

Non-kinase domains associated with human protein
kinases 
There are 61 distinct non-kinase domains associated with

the catalytic domains of the human protein kinases. A few

domains are shared by more than one protein kinase whose

catalytic domains belong either to the same subfamily (such

as the AGC group) or to different subfamilies. In the current

study we have also investigated the extent of similarity in the

non-kinase domains shared by protein kinases with catalytic

domains from different subfamilies. The domains analyzed

include DAG_PE, SH2, SH3 and PH. 

The phylogenetic analysis of protein kinases and their asso-

ciated domains was carried out as described in Materials and

methods. Phylogenetic trees were obtained using CLUSTAL

W [44]. The SH3 and SH2 domains are usually involved in

the recruitment of proteins to their specific targets. In the

case of protein tyrosine kinases, however, they also have reg-

ulatory roles. The SH2 domains of the non-receptor tyrosine

kinases are known to translocate the corresponding kinases

to specific receptors or other proteins associated with recep-

tors, which activate them. So the specificity of these tyrosine

kinases is also dependent on the adaptor domains that target

them to specific proteins. 

We have aligned the sequences of SH3, SH2 and kinase

domains of human non-receptor tyrosine kinases separately.

Dendrograms based on the sequence similarity of SH3, SH2

and catalytic kinase domains (Figure 3a-c) of the potential

cytoplasmic tyrosine kinases encoded in the human genome

show a similar clustering of the various gene products inde-

pendently of the domains considered for the clustering.

BMX kinase, a member of the Tec family, is a notable excep-

tion. The SH2- and the kinase-domain-based dendrograms

suggest the inclusion of BMX kinase in the cluster of other

Tec family members. However, BMX kinase is excluded from

the Tec family cluster in the SH3-based tree, where it forms

an outgroup (Figure 3c). This dissimilarity is also apparent

from the sequence identity of the SH3 domains of various

members of the Tec family with the BMX SH3 domain

(< 18%), unlike the kinase domains (> 60%) and the SH2

domains (> 45%). It has also been observed that the Syk and

ZAP kinases, each with two SH2 domains in addition to the

kinase domain, show distinct clustering of the amino-termi-

nal and the carboxy-terminal SH2 domains (Figure 3b). The

amino-terminal SH2 forms a distinct cluster in the former,

whereas the carboxy-terminal SH2 is grouped with the

carboxy-terminal Src kinase and megakaryocyte-associated

tyrosine kinase. The sequence identity between ZAP kinase

and Syk amino-terminal SH2 domains (> 50%) and the

carboxy-terminal SH2 domains (> 50%) is greater than the

sequence identity of the amino- and carboxy-terminal SH2

domains (< 31%) in either of the kinases.

6 Genome Biology Vol 3 No 12 Krupa and Srinivasan

Figure 3 (see figure on the next page)
Dendrograms based on the sequence similarity of various domains found in cytoplasmic tyrosine kinases. Members of different groups of tyrosine kinases
are indicated in different colors. The consensus domain organization of kinases of the specific subfamily is indicated at the nodes of corresponding
subfamilies. (a) Catalytic kinase domain; (b) SH2 domain; (c) SH3 domain. The bootstrap values obtained for 1,000 replicates are shown.
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Figure 3 (see legend on the previous page)
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In the protein kinases, diacylglycerol-binding (DAG_PE)

domains are restricted to the AGC and Raf subfamilies. The

PKC isoforms �, �, �, �, � and � have two DAG_PE domains

in tandem and amino-terminal to the kinase catalytic

domain. The amino-terminal DAG_PE domains of �, �, �, �

and � isoforms form a distinct group with sequence identity

greater than 68%, whereas the carboxy-terminal DAG_PE

domains of the �, �, �, � and � cluster together (65%) (den-

drogram not shown). The PKC� isoform is an exception

where both the amino- and carboxy-terminal DAG_PE

domains cluster together (sequence identity 54%) with the

carboxy-terminal DAG_PE clusters. 

The PH domains show variation in their biochemical proper-

ties. Some of the PH domains are known to bind to different

proteins and certain PH domains can bind small-molecule

ligands such as phospholipids. The protein kinases with PH

domains include the members of the Tec (cytoplasmic tyro-

sine kinases) and AGC (serine/threonine kinase) families. In

the case of PDK1 and PKB, two enzymes involved in the

phosphoinositide kinase pathways, the PH domains are

involved in the translocation of the enzymes to the mem-

brane, resulting in enzyme activation [45]. As already well

documented, the corresponding catalytic domains of the two

families form distinct clusters. The dendrogram based on the

PH domains varies significantly from that based on the cat-

alytic domains (Figure 4a,b). The PH domains of the PKC�

and PKd2 also form a distinct cluster, in contrast to the clus-

tering of their kinase domains with the other AGC members.

These comparisons of the kinases and their associated

domains suggest the probable mode of evolution of the mul-

tidomain kinases. In general, the grouping of kinases by the

extent of the similarity in their catalytic domains is similar to
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Figure 4
Dendrograms based on sequence similarity of domains in kinases belonging to Raf, AGC (serine/threonine kinase group) and Tec families (cytoplasmic
tyrosine kinases) of protein kinases. (a) Catalytic kinase domain; (b) PH domain. Bootstrap numbers are shown on the nodes.
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the clustering according to their associated domains, imply-

ing a coevolution of the catalytic domains and associated

domains. This is also consistent with the interactions of the

associated domains with a specific group of ligands that

include small molecules and other signaling proteins.

However, there are some exceptions, as described above.

The distinct clustering of the amino- and carboxy-terminal

SH2 and DAG_PE domains suggests that the protein

kinases containing them could have evolved in two stages,

in any of the two possible ways as shown in Figure 5. In the

first case (Figure 5a) a kinase domain would have evolved

with one of the two repeat domains. Subsequent duplication

of the SH2 or the DAG_PE domain followed by divergence

of the kinase-containing protein would have resulted in a

kinase with two dissimilar SH2 or DAG_PE domains. Alter-

natively, the domain combination would have occurred by

independent recruitment of two distinct SH2 or DAG-PE

domains (Figure 5b), resulting in the final gene product.

Such diverse but homologous domains in a single gene

product could enable distinct specificity and affinity for

cognate ligands.

The occurrence of significantly diverse homologous domains

in the same protein kinase, as evident from their distinct clus-

tering, could also suggest the involvement of such kinases in

the cross-talk between different signaling pathways. Such

domain diversity could imply an involvement of such kinases

in more than one pathway, serving as upstream and down-

stream effectors for more than one signaling cascade. 

Human protein kinases with no detectable closely
related proteins encoded in the fruit fly and worm
genome databases
In view of the gene duplications across various genomes

there is a possibility of expansion of certain subfamilies of

the protein kinases, in one genome compared to another

genome. This section discusses only the extreme cases where

no homologs with significant similarity in sequence as well

as domain composition to the protein kinase encoded in the

human genome could be identified in the genomes of two

lower multicellular eukaryotes of complete genome data.

Such an analysis of the human protein kinases has enabled

us to identify protein kinases that are potentially specific to

vertebrates. We have compared the human protein kinases

with those of two other multicellular organisms, D. melano-

gaster and C. elegans.

As protein tyrosine kinases are involved in sophisticated

functions such as cellular differentiation and proliferation,

one would expect the complexity of the signaling in higher

organisms could be attributed partly to them. The apoptosis-

associated tyrosine kinase (AAYK) [42], Fl-cytokine receptor

kinase, c-Fms [46] and mast/stem-cell growth factor recep-

tor kinase [47] identified in the human genome could not be

detected in the worm and fruit fly genomes. The closest

homologs of AAYK are neurospecific receptor kinase (NRK)

with Fz and kringle domains in fly (30% identity with the

kinase domain) and an open reading frame (ORF) CE00747

with laminin, epidermal growth factor (EGF) and FN3

domains in worm (51% identity with the kinase domain).

However, no distinct functional domains other than the

catalytic kinase domain could be identified in AAYK.
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Figure 5
Schematic representation of the possible mechanisms of evolution of
multidomain protein kinases with more than one homologous but distinct
non-kinase domain, as exemplified in the case of the Syk family of
cytoplasmic tyrosine kinases. (a) Duplication of the SH2 domain followed
by distinct functional specialization of duplicated domains; (b) Recruitment
of two homologous but distinct SH2 domains by domain fusion.
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FL-cytokine receptor also seems to lack a functional counter-

part in the fly and worm genomes, although the closest

homologs are platelet-dependent growth factor (PDGF)

receptor and vascular endothelium growth factor (VEGF)

receptor-related kinase (PVR) and fibroblast growth factor

(FGF) receptor family member ORF CE28238 in the fly and

worm genomes, respectively. However the domain organiza-

tion of PVR and CE28238 are distinct from that found in the

Fl-cytokine receptors. A functional homolog of the c-Fms

and the mast/stem-cell growth factor receptor kinase is

apparently absent in the fly and the worm genomes. The

closest sequence neighbors of these c-Fms and mast/stem-

cell growth factor receptor kinases are the FGF receptor

kinase and PVR, respectively, in the fly, whose domain struc-

tures are different from that of the c-Fms and the

mast/stem-cell growth factor receptor kinase. 

All the above-mentioned kinases are involved in highly spe-

cialized cytokine- and growth-factor-mediated signaling

pathways, and a few are specific for hematopoietic cells

(mast/stem-cell receptor kinase) and immune responses

(macrophage-stimulated receptor kinase), which explains

their absence from lower multicellular organisms.

Certain members of a group of kinases involved in the

protein translation, such as heme-regulated initiation

(HRI) factor kinase (gi11125768) [28] and interferon-

induced dsRNA-dependent kinase (PKR) (ENSP233057)

[48], are at present found only in the human genome

among the completed and publicly available genomes. This

is consistent with the interferon-induced signaling path-

ways and the heme-regulated pathways being specific for

vertebrates, and hence the lack of their effector domains in

lower organisms. The domain structures of the homologs of

the HRI kinase and PKR in worm and fly, eukaryotic initia-

tion factor kinase eIF2�-kinases, are different from those

found in higher organisms. The worm and fly have two

repeats of bacterial PQQ domains preceding the catalytic

kinase domain in the sequence. In the case of human HRI

kinase, no functional domain can be assigned to this region,

although heme binding to this region to influence its activ-

ity is suggested. The human dsRNA-dependent kinase has

two consecutive dsRNA-binding motifs preceding the cat-

alytic kinase domain in the sequence. This is also consistent

with its activity being influenced by interferon, an antiviral

agent. Binding of the viral RNA to the dsRNA-binding

motifs of the kinase could be regulated by interferon, and

subsequently trigger a signaling cascade designed to evade

viral infection [49].

The possible absence of such kinases in lower organisms

such as fly and worm implies the existence of an alternative

mode of defense against viral infection. Hence, the occur-

rence of heme-binding as well as RNA-binding kinases in

higher organisms suggests that the translation machinery

of these organisms has been associated in more than one

way to the protein kinases, linking them to the various sig-

naling cascades. 

Another important class of kinases, the receptor-interacting

protein kinases (RIPKs) (ENSP220751), associated with

receptors triggering apoptosis [50] were identified in the

human genome but could not be found in invertebrates. The

closest homologs of the RIPKs in the worm genome are the

Raf kinases, which lack the caspase-recruitment domain

(CARD) found in RIPKs. MAPKKK (TAK1) in the fly genome

is the closest homolog of the RIPKs, and also lacks a CARD

domain. This suggests that the components involved in con-

trolling the signaling pathways mediating cell death in

humans could be different from those in lower organisms.

RIPKs with a CARD domain in higher organisms must have

evolved to provide additional regulation to the apoptotic sig-

naling pathways, and could also act as a link between its sub-

strates and other components of the apoptotic machinery.

These potentially unique kinases therefore may be responsi-

ble for fine-tuning of the most highly specialized signaling

pathways in humans. They may hence lack counterparts in

the lower organisms, or their functions are carried out by

some subgroups of enzymes. It is of interest to search for

these kinases in other higher eukaryotic organisms such as

mouse as and when the data is made freely available.

Conclusions 
The functional diversification of the kinases in the human

genome, to meet the requirements of complex network of

signaling pathways, is quite apparent from the analysis. The

functional repertoire seems to be further expanded by

protein kinases of uncommon domain composition. Shuf-

fling of signaling domains or modules among gene products

containing the various catalytic kinase domains seems to be

one of the obvious means of generating such diverse biologi-

cal roles. Identification of protein kinases with uncommon

domain combinations suggests the possible existence of

alternative modes of regulation of a few protein kinases,

which appear to be distinct from the previously known and

well characterized regulatory strategies.

The functional promiscuity of the various modules involved

in signal transduction enables diverse biological interactions

to be achieved using a limited number of modules. The

occurrence of combinations of these modules would narrow

the range of functional diversity, however. Given the func-

tional diversity associated with these modules, their co-

occurrence with domains of distinct known function,

investigated using a computational approach in the current

study, enables us to predict the biological implications of

such uncommon domain combinations in relation to the

overall functions of protein kinases. Experimental verifica-

tion of these predictions could enhance our understanding of

the specific biological roles of these protein kinases.
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Materials and methods 
The complete set of predicted protein sequences from the

open reading frames (ORFs) of the human genome (build

24; 3 July 2001) was obtained from the National Center for

Biotechnology Information (NCBI) [51] and from Ensembl

(version 1.1.0; April 2001 [52]) databases. Using sensitive

sequence-profile matching algorithms, we have searched for

kinases in both these versions of the human genome as there

are differences between them. An overwhelming majority of

the recognized kinases are common to the NCBI and

Ensembl versions, but we have identified distinct kinases by

comparing the two lists. Genome data from S. cerevisiae and

D. melanogaster have been obtained from [51] and

C. elegans from the Sanger Centre, UK [53]. 

We have used multiple sensitive sequence search and analysis

methods - PSI-BLAST [54], IMPALA [55] and HMMer, which

matches hidden Markov models (HMMs) [56]. These pro-

grams have been previously benchmarked ([55,57,58] and N.

Mhatre and N.S., unpublished work) and we have used a

stringent cutoff for E-values (0.0005 in PSI-BLAST, 10-8 in

IMPALA and 0.1 for HMMer) for identifying sequences with

significant similarity to protein kinases. A six-node multi-

processor Linux cluster machine (built by CDC Linux, Inc.)

and several Linux-driven PCs have been used in these

searches, using stand-alone versions of the programs. The list

of predicted human kinases used for further analysis has

been arrived at after careful cross-referencing between the

results of these methods as well as manual scrutiny for a

variety of factors such as length of the kinase domains and

presence of critical functional residues. Protein kinases from

the human genome and other organisms extracted from data-

bases such as SUPERFAMILY [18,19], InterPro [20] and

kinase.com [21] have been compared and cross-referenced

with our initial list of kinases manually, taking into consider-

ation the presence of functional motifs (see below) and the

lengths of putative kinase domains. 

Domain assignment to the non-catalytic regions of the

kinase-containing genes has been made using the HMM

search methods by querying each of the kinase-containing

sequences against the 3,071 protein family HMMs available

in the Pfam database [59]. Transmembrane segments have

been detected using TMHMM [60].

Criteria for identification of sequences with protein
kinase functional motifs 
Among the various sequence motifs characteristics of

protein kinases [1], the glycine-rich motif with the pattern

GXGXXG and the catalytic base aspartate [10] are suggested

to be critical for the accommodation of ATP and phosphory-

lation respectively [7]. These are essential properties of a

protein kinase. After eliminating several sequences on the

basis of the results of sensitive profile matching, cross-

referencing with other databases and manual analysis, there

are 556 sequences, but not all of them have the glycine-rich

motif and catalytic base. Although these 556 sequences

showed statistically significant matches (E-values better

than 0.0001 in PSI-BLAST) with the sequences of proteins

shown experimentally to be protein kinases, and hence are

likely to adopt the fold of a protein kinase, not all these

sequences may function as protein kinases. We have used

the glycine-rich motif and the presence of the catalytic base

as essential criteria to identify likely functional kinases.

In protein kinases generally, apart from the glycine-rich

motif a positively charged residue (most often a lysine

residue equivalent to Lys 72 of cyclic-AMP-dependent

protein kinase) is also relevant to the accommodation of

ATP. However, the number of residues that separate the

glycine-rich motif and the charged residue along the primary

structure is highly variable among the protein kinases. More

important, certain subfamilies of protein kinases, such as

MEK-related WNK [61,62], do not have such a positively

charged residue supporting ATP but, nevertheless, function

as kinases. Many known kinases are not entirely consistent

with the glycine-rich motif as well (see, for example, the

PROSITE pattern [63] for protein kinases). For example,

protein kinases such as those in the casein kinase 2 subset

lack one of the three glycyl residues in the consensus

pattern. On the basis of these considerations, the following

criteria have been arrived at and used for identifying subset

of sequences that posses essential sequence motifs to func-

tion as protein kinases. First, at least two out of the three

glycyl residues in the glycine-rich motif should be present.

Second, an aspartate residue should be located in the

sequence at a position equivalent to the catalytic base of

known protein kinases. 

Of 556 sequences with statistically significant similarity to

protein kinases, 53 are found to lack the aspartate catalytic

base and hence were not considered for further analysis.

Most of these sequences also lack the typical glycine-rich

motif. Among the remaining 503 sequences, 55 lacked two

or all of the three glycyl residues in the characteristic protein

kinase glycine-rich region. However, in these 55 sequences

an aspartate residue aligns with the catalytic aspartate of

known protein kinases. These sequences were also not

included in the detailed analysis, leaving 448 sequences for

further analysis. The number of protein kinase-like

sequences identified in the current analysis is of the order of

the numbers reported by others [11,64]. 

While the two above criteria are used here to identify puta-

tive protein kinases, it should be noted that families of

eukaryotic lipid kinases [65], and bacterial antibiotic-phos-

phorylating enzymes [66] and lipopolysaccharide-phospho-

rylating enzymes [67], which are evolutionarily related to

eukaryotic protein kinases and share the fold, lack two or all

of the three glycyl residues in the glycine-rich motif. Never-

theless, they can phosphorylate substrates, although the sub-

strates are commonly not proteins or peptides. It will
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therefore be worthwhile to explore experimentally whether

those sequences identified in the current analysis with

aspartate at the catalytic base position, but which lack two or

all the three glycyl residues, could function as kinases. 

Classification of human protein kinases into
subfamilies 
A multiple sequence alignment of a collection of related pro-

teins can be transformed into a position-specific scoring

matrix (PSSM) or profile to use for further searches. The

extent of sequence similarity and of conserved residues

reflected in the PSSM will determine the effectiveness of

matching of a query sequence. A PSSM generated from

closely related family members forming a subfamily could be

more effective than an overall family PSSM in specifically

identifying further members of the subfamily. Thus a PSSM

can be generated by considering the family of all the related

sequences, or several PSSMs can be generated by consider-

ing subsets of the sequences to form subfamily profiles. 

We classified 448 protein kinases according to the scheme

of Hanks and Hunter [1]. This classification is based on the

kinase catalytic domain. The most closely related catalytic

domains have been classified by Hanks and Hunter into

subfamilies - AGC (including the protein kinase A, protein

kinase G and protein kinase C families), CMGC (the cyclin-

dependent kinase, MAP kinase, glycogen synthase kinase,

casein kinase 2 families), CAMK (calcium/calmodulin-

dependent kinase), RTK (receptor tyrosine kinases), and

so on. A large number of eukaryotic protein kinases have

been classified into Hanks and Hunter subfamilies, and

the sets of classified kinases are available in the Protein

Kinase Resource (PKR) [68,69]. We have used the multi-

ple sequence alignment of protein kinases belonging to

each of the subfamilies available in PKR to generate a

profile of each subfamily that encodes the pattern of con-

servation and variation in amino-acid sequence character-

istic of that group. These PSSMs form a library of profiles

representing the signature sequence pattern of the differ-

ent kinase subfamilies. 

If a query sequence consisting of the catalytic domain of a

putative protein kinase is searched against this database of

profiles, it could be expected that the subfamily to which

the query kinase belongs would appear as the best hit with

the lowest E-value, with some other subfamilies appearing

with less significance. If the E-value for the top hit is signif-

icant (E-value less than 0.0001) then the query sequence is

said to cluster best with that subfamily and is considered to

be a putative member of that subfamily. For example, if the

catalytic domain of ENSP224103 is queried against the

database of profiles, the AGC subfamily appears at the top

of the list with an E-value of 10-121, followed by the CAMK

subfamily (E-value 3 x 10-68) and the polo subfamily

(E-value: 10-58). This means that the sequence pattern of

ENSP224103 matches most significantly with the AGC

group of kinases and it is thus considered to be a member

of this subfamily. Every human kinase sequence has been

scanned against the subfamily profiles to associate it with

the appropriate subfamily.

The program IMPALA [55] has been used to match the

kinase query with the subfamily PSSMs. Although IMPALA

was designed originally to identify distant relatives of a

family, as we have constrained every PSSM by the subfam-

ily sequence patterns, the program helps us identify the

putative subfamily to which the query kinase catalytic

domain belongs.

After associating the catalytic kinase domains to a Hanks

and Hunter subfamily, the non-kinase domains in these pro-

teins were identified using HMM and profile-searching in

the Pfam database, as described above. The SwissProt data-

base was consulted extensively to derive functional informa-

tion on the various kinase-associated domains. Protein

kinases that have been implicated in various diseases have

been analyzed using information from the SwissProt and lit-

erature databases.

Phylogenetic analysis of kinase and associated
domains 
The pairwise sequence distance between two protein

domains has been calculated based on the percent identities

obtained from the multiple sequence alignment derived

from MALIGN [70]. The following expression was used to

calculate a sequence-based dissimilarity measure between

two proteins: D = -100.0 ln (pids/100), where pids is the

percent identity between a given pair of protein domains.

CLUSTAL W [44] has been used to generate trees. The

robustness of the nodes in the trees generated by neighbor-

joining methods has been tested by the bootstrap algorithm

available in CLUSTAL W. Confidence limits have been tested

by bootstrapping the trees 1,000 times. Trees and bootstrap

values for various branch orders of domains are described in

the text and shown in Figures 3 and 4. 

Note added in proof 
While this paper was in review, a related paper was pub-

lished by Hunter and coworkers [71] that classifies and com-

pares the human protein kinases with protein kinases

encoded in other eukaryotic genomes.

Additional data files 
A list of kinases identified in the human genome with their

classification into groups, the multiple sequence alignment

of catalytic regions with critical functional residues indi-

cated, the domain structures of kinase-containing gene

products, and a table with Ensembl ids and the correspond-

ing gi ids are available as additional data files with the online

version of this article. This information is also freely avail-

able from our KinG website [12].
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