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Protein kinases phosphorylate several cellular proteins providing control
mechanisms for various signalling processes. Their activity is impeded in
a number of ways and restored by alteration in their structural properties
leading to a catalytically active state. Most protein kinases are subjected
to positive and negative regulation by phosphorylation of Ser/Thr/Tyr
residues at specific sites within and outside the catalytic core.
The current review describes the analysis on 3D structures of protein
kinases that revealed features distinct to active states of Ser/Thr and Tyr
kinases. The nature and extent of interactions among well-conserved residues surrounding the permissive phosphorylation sites differ among the
two classes of enzymes. The network of interactions of highly conserved
Arg preceding the catalytic base that mediates stabilization of the activation segment exemplifies such diverse interactions in the two groups
of kinases.
The N-terminal and the C-terminal lobes of various groups of protein
kinases further show variations in their extent of coupling as suggested
from the extent of interactions between key functional residues in activation segment and the N-terminal aC-helix. We observe higher similarity
in the conformations of ATP bound to active forms of protein kinases
compared to ATP conformations in the inactive forms of kinases.
The extent of structural variations accompanying phosphorylation of
protein kinases is widely varied. The comparison of their crystal structures and the distinct features observed are hoped to aid in the understanding of mechanisms underlying the control of the catalytic activity of
distinct subgroups of protein kinases.
q 2004 Elsevier Ltd. All rights reserved.
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Introduction
Phosphorylation of intra-cellular proteins by
protein kinases serve as molecular switches of
various cellular processes including metabolism,
gene expression, cell division, motility and
differentiation.1 – 3 Toggling between distinct actiAbbreviations used: PKA, protein kinase A; PKB,
protein kinase B; GS, glycine-serine; GSK-3, glycogen
synthase kinase-3; GSK, glycogen synthase kinase; CK2,
casein kinase-2; CSK, C-terminal Src kinase; HCK,
hemapoietic cell kinase.
E-mail address of the corresponding author:
ns@mbu.iisc.ernet.in

vation states endowed with unique conformational
features brings about the tight regulation of these
enzymes.4 Multiple modes of regulation of protein
kinases have enabled perception of specific signals
leading to selective activation of downstream
signalling cascades.5,6
Critical structural features of catalytically active
states of all protein kinases carrying out phospho
transfer are very similar.4,7 Phosphorylation on the
activation segment, a key regulatory element, acts
as a switch for the catalytic activity of protein
kinases belonging to distinct subgroups of Ser/
Thr and Tyr kinase families.8 Protein kinases regulated by such phosphorylation form a network
of residue contacts at the active site that are well
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Figure 1. The 3D fold of catalytic
core of Ser/Thr or Tyr kinase with
their key functional elements is
shown. This Figure as well as
Figures 3, 4, 6, 7, 9, and 11, are
generated using SETOR.37

conserved in their “on” or maximally active state.
The key residues involved in stabilization of the
catalytic site as described above are invariant
across different subgroups of kinases with similar
mechanism of regulation.5 The focus of this review
is to provide our current understanding on the
extent of conservation of the nature of residue contacts in kinases at the activation loop as revealed
from the survey of available 3D structures in active
and inactive states. We describe the variations in
the residue contacts observed across Ser/Thr and
Tyr kinase families. Further, the extension of these
contacts to residues conserved specifically in Ser/
Thr and Tyr kinases and their implications in alternate modes of stabilization of activation segment
are discussed. Apart from the positive regulatory
phosphorylation sites within the catalytic core, the
inhibitory phosphorylation sites and their residue
environment have been surveyed to explore the
conservation of their interaction network. The
varying residue environment of these phosphosites as exemplified by cyclin dependent kinases
provides insight into their mechanism of inhibition. Analysis of other critical functional features
including the Lys-Glu salt-bridge dyad and nucleotide binding of the protein kinases in active and
inactive states, reveal differences that provide a
platform for further investigations on their role in
catalysis and ligand binding.
The 3D structure of kinase catalytic core
The first 3D structure of a protein kinase, protein
kinase A9 (PKA) as determined by X-ray crystallography revealed the basic bilobal scaffold that
has now been observed in all the protein kinase

structures (Figure 1) solved to date. The N-terminal
lobe of the kinase fold comprises of an anti-parallel
b-sheet made of five b-strands and a single a-helix
referred to as aC-helix. The C-terminal lobe is
larger and is mainly composed of a-helices. The
nucleotide binding and the substrate-binding
pocket are located in the cleft between the two
lobes. The phosphate groups of ATP are positioned
for phospho transfer by their interactions with conserved residues in the N and C-terminal lobes.
These include a glycine-rich loop characterized by
“GXGXXG” (where X represents any amino acid)
motif between the b1 and b2 strands, a Lys residue
localized by a salt bridge formed by a Lys-Glu pair
(K72† and E91) and Mg2þ ions. Conserved Asn
(N171) and Asp (D184) further coordinate the
metal ions. The catalytic loop situated in the
C-terminal lobe contains the aspartate (D166)
referred to as catalytic base that facilitates extraction
of proton from the hydroxyl side-chains of phospho-sites of the substrates. The activation segment
of 20–30 residues in length caps the C-terminal
lobe. This segment forms a part of the substratebinding pocket and shows high structural variation
in the active and inactive kinase structures.
Phosphorylation of the activation segment of
protein kinases
The common catalytic scaffold shared by the
eukaryotic protein kinases switches between two
extreme conformations of on and off states of
high and least activity, respectively, in a number
† Unless otherwise specified residue numbering as in
the crystal structure of PKA9 is followed.
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of ways. The transitions between two distinct functional states are mediated by a variety of strategies
in different kinases such as phosphorylation,
and interactions of additional domains within
the protein kinases and/or by binding to other
regulatory proteins.4
Phosphorylation of the activation segment is a
conserved feature in the regulation of most protein
kinases belonging to the group of “RD” kinases.5
The RD kinases contain an Arg preceding the catalytic aspartate in the catalytic loop. Phosphorylation at the conserved Ser/Thr in the activation
segment serves as a nucleation centre, neutralizing
a cluster of positively charged residues including
Arg of the RD motif.5 Such electrostatic interactions
are crucial for the relative orientation of the “DFG”
motif of the activation segment and the other catalytic and substrate binding residues to facilitate
phosphotransfer. The conformation of the activation segment is controlled by the phosphorylation, which promotes secondary changes
including re-orientation between the lobes, relief
of autoinhibition and the correct disposition of
catalytic residues. The basic residues that interact
with the phospho-amino acid on the activation segment are highly conserved across various kinases
and are referred to as contact residues (Figures
2(a) and (b) and 3) in the subsequent discussion.
Protein kinases in the off state adopt distinct
conformation characteristic to their inherent mode
of regulation. The nature of interactions between
phospho-amino acid and the contact residues
observed for various protein kinases in their active
and inactive states has been described earlier.5
These interactions are well conserved in the on
state of most protein kinases consistent with the
notion of a unique conformation and functional
features of the protein kinases in their active states.
Crystal structures of protein kinases in on state
also reveal distinct pattern of interaction confined
to either Ser/Thr kinases or tyrosine kinases.
These differences at the active site are discussed
below.
Distinct strategies of stabilization of the
activation segment
The crystal structures of protein kinases of the
RD group requiring phosphorylation at the activation segment and available in both active and
inactive states are listed in Table 1. Comparison of
the 3D structures of Ser/Thr and tyrosine kinases
in on state, reveals a striking difference in the
nature of contacts of the phospho-amino acid in
the activation segment with the highly conserved
Arg of the RD motif. Ion pair between the Arg
residue (in RD motif) and the phospho-amino acid
that forms a network of electrostatic interactions
with other contact residues (Figures 2(a) and 3),
are observed in the 3D structures of PKA, PKB,
CDK and MAP kinase. The Arg in RD doublet
(RD-Arg) is absolutely conserved in all the tyrosine
kinases known to date. The phospho-amino acid
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in the activation loop of the tyrosine kinases, however, lacks a direct interaction with the RD-Arg. It
should be noted that among the four residues
equivalent to the contact residues in the Ser/Thr
kinases mentioned above, only two are conserved
as positively charged residues (RD-Arg and the
Arg from the activation segment) in the tyrosine
kinases. The contact residues from the N-terminal
lobe are either apolar or uncharged and lack interactions with the phospho-amino acid (Figures 2(b)
and 4(a) and (b)). The mode of stabilization of
activation segment in the tyrosine kinases to reach
out for the substrate phospho-sites therefore
seems to differ from that of Ser/Thr kinases.
Water mediated interaction of the RD-Arg with
the phospho-amino acid, has been observed in the
crystal structure of LCK.10 A novel cation –p (aromatic ring) interaction11,12 between the RD-R and
the aromatic side-chain of well-conserved Phe
(Phe1186 in IRK) has been identified as a unique
feature (Figure 4(a) and (b)) among the tyrosine
kinases. The critical parameters that define such a
contact include the inter-atomic distance between
the CG, CD, NE, CZ, NH1, or NH2 atoms of arginine and any of the six carbon atoms of the aromatic rings to be less than 4.6 Å.13 Such aromaticcation interactions are characterized by the parallel
alignment of the aromatic ring to the plane of the
guanidium group. The Phe residue located in the
loop joining the activation segment to the aF-helix
further interacts with various hydrophobic residues including Met1176 and Leu1171 (p þ 1 and
p þ 3 substrate-binding pocket) located in the
activation segment of IRK. This Phe is hence likely
to be an important mediator in channeling the conformational changes occurring at the activation
segment to the catalytic loop via the RD-Arg.
Similar interactions are observed between the
equivalent phenylalanine and the hydrophobic
residues in the activation segment of the other
tyrosine kinases (Figure 4(b)). In the receptor
kinase, Ret a M918T mutation leads to multiple
endocrine neoplasia.14 The mutated residue is
equivalent to M1176 of IRK and is involved in the
formation of p þ 3 substrate-binding pocket of
IRK.15 The apolar contacts of M1176 with the Phe
are likely to be directed by the cation – p interactions between the planar ring of Phe and the
RD-Arg. The influence of the aromatic-cation interaction between the RD-Arg and the conserved Phe
residue in activation loop of tyrosine kinases on
substrate binding needs to be further explored.
The extended network of interactions involving
the RD-Arg of the catalytic loop, the highly conserved phenylalanine (F1186) and the hydrophobic
residues (M1176, L1171) can therefore be regarded
as novel “local signal integration motifs”8 unique
to tyrosine kinases. Occurrence of such interactions
in both active and inactive tyrosine kinases as
evident from their crystal structures suggests a
pre-formed substrate-binding site, which is, however, restricted to substrate access by the activation
segment that wraps around the catalytic site in
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Figure 2 (legend opposite)

inactive tyrosine kinases. The cation– p interaction
is also observed between two other highly conserved residues of tyrosine kinases, non-RD Arg
in the catalytic loop (R1136 in IRK) and a Trp residue (W1175 in IRK) in the activation segment. An
analogous interaction between the Lys (K168 in
PKA) and Thr (T201) is found in Ser/Thr kinases
only in their active state (Figure 3). The positively
charged amino acid residues in the catalytic loop
of the tyrosine kinases therefore seek an alternate
mode of stabilization mediated through cation –p
interactions in contrast to the electrostatic and
polar interactions observed for equivalent residues
in the active state of Ser/Thr kinases. The crystal
structures of receptor tyrosine kinases (IRK and
IGFR) in their active state15,16 also reveal contacts
of the phospho-amino acid with two basic residues
from the activation segment. One of these residues
is equivalent to the contact residue (R1155 in IRK)
that forms a part of the phospho-amino acid net-

work conserved in all the protein kinases described
in the previous sections. The other basic residue
(R1164 in IRK) is well conserved in tyrosine kinases
and has very distinct conformations in the active
and inactive structures.
Summary of the differences between Ser/Thr
and Tyr kinases in the permissive phospho-amino
acid network is schematically represented in
Figure 5. From the above discussion it is evident
that Ser/Thr kinase and Tyr kinases exhibit a few
unique features in their phospho-amino acid
network. The amino acid residues (T201 of PKA,
W1175 of IRK) involved in the interactions with
the positively charged residues (K168 of PKA and
R1136 of IRK) in the catalytic loop of Ser/Thr and
Tyr kinases are specifically conserved within the
group of Ser/Thr and Tyr kinases. These distinct
modes of interactions provide a structural basis
for the conservation of residues specific to Ser/
Thr and tyrosine kinase family.17
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Figure 2. Multiple sequence alignment of Ser/Thr and Tyr kinases showing key functional residues. Sequences of (a)
Ser/Thr kinases and (b) tyrosine kinases, with 3D structures and discussed in the text, are shown. Numbers shown in
parentheses in the alignment indicate the number of residues inserted in the corresponding region of the alignment.
Color coding used in the alignment is: conserved residues, shaded gray; catalytic residues, black and bold; contact residues, green; other residues interacting with contact residues and specifically conserved in Ser/Thr or tyrosine kinases,
red.

Figure 3. The phospho-amino
acid network at the activation segment of protein kinase B (1o6l), a
typical RD kinase, is shown. The
phospho-amino acid is colored red,
and the contact residues are shown
in green. Similar color-coding is
used to represent them in subsequent Figures. The conserved
residues, lysine of the catalytic loop
and the threonine (discussed in the
text) that are in contact in the phospho-amino acid in on state are
shown in blue.
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Table 1. List of crystal structures of on and off states of RD kinases requiring phosphorylation for activation, investigated in the current review
Kinase
CAPK
CAPK
CDK
CDK
MAPK
MAPK
Protein kinase B
Protein kinase B
Insulin receptor kinase
Insulin receptor kinase
Insulin-like growth factor 1 receptor kinase
Insulin-like growth factor 1 receptor kinase
Lymphocyte kinase
Src

PDB code

Conformational state

Reference

1atp
1j3h
1hcl
1jst
1erk
2erk
1o6l
1gzn
1ir3
1irk
1k3a
1jqh
3lck
2src

Active
Apoenzyme (inactive)
Inactive
Active
Inactive
Active
Active
Inactive
Active
Inactive
Active
Bis-phosphorylated (partially active)
Active
Inactive

9
27
38
39
40
30
41
42
15
43
16
44
10
22

Further, preferences exhibited by specific contact
residues are observed within Ser/Thr kinases for
their interaction with the phospho-amino acids.
For instance, the interaction of the N-terminal lobe
with the phospho-amino acid is mediated by the
N-terminal contact residues (His87 and His196 in
PKA and protein kinase B (PKB) of AGC subfamily, respectively). The equivalent contact residues in CDK and MAPK of CMGC subfamily,
(namely Thr47 and Arg65) do not interact with the
phospho-amino acid residues. Alternately another
contact residue from the N-terminal lobe of CDK
and MAPK (Arg50 and Arg68) interacts with the
phospho-amino acid (Figure 6). These contact residues provide a link between the N-terminal and
the C-terminal lobes of the kinase.5 Preferences for
such contact residues indicate minor structural
differences conserved within the subfamily.
Various factors including residue environment,
oligomeric state of the catalytically active forms
and intrinsic flexibility of the catalytic core are
likely to contribute to the conformational features
conserved within subgroups of protein kinases.
Non-phospho-amino acid interactions with the
contact residues
The RD-kinases, phosphorylated on the activation segment have well conserved basic residues
(contact residues) forming a part of the phosphoamino acid network. The role of these residues in
the charge neutralization by phospho-amino acid
residues is therefore well established. The available
crystal structures of protein kinases in different
functional states suggest other conserved interactions restricted to specific functional states of distinct families of protein kinases. For instance, the
side-chain of RD-Arg contacts the hydroxyl of tyrosine (Y215 in PKA, Y328 in PKB) located in a loop
that continues as aF-helix (Figure 3), in active
forms of some of the Ser/Thr kinases. The equivalent residue is replaced by hydrophobic residues
incapable of making polar contacts in other RD
types of Ser/Thr kinases like checkpoint kinase

and TGF-b receptor kinase that are regulated by
mechanisms differing from the charge neutralization by phospho-amino acid residues or acidic
residues. In the TGF-bR-1, the phosphorylation at
the conserved glycine-serine (GS) region switches
the binding affinity of the receptor towards the
Smad2 and the binding site is no longer recognized
by the inhibitor protein FKBP12, thus relieving the
inhibition.18 The crystal structures of the above
mentioned enzymes are currently available in the
inhibited or inactive states.19,20 The 3D structures
of these kinases in the on state would help in
elucidating the roles of various conserved residues
in catalysis and regulation. It has to be noted that
the conserved RD-Arg-Tyr pair of Ser/Thr kinases
is formed by residues equivalent to the cation – p
pair forming residues of tyrosine kinases. The
current observations indicate that the location of
residues linking the catalytic loop and the activation loop of Ser/Thr and Tyr kinases are conserved in their primary and tertiary structure
while the nature of interactions between the
residues vary across the two groups of kinases.
The contact residues also contribute to the
stabilization of nucleotide binding residues in the
off state. Such interactions are exemplified by
the salt bridge between Glu of Lys-Glu dyad and
the contact residue from the activation loop of Src
family and Tec families of kinases. Crystal structures of inactive hemapoietic cell kinase,21 Src
kinase22 and BTK23 reveal the interactions of
contact residues (R385 of HCK, Src and R544 of
BTK) with Glu of Lys-Glu dyad. The above interaction (Figure 7) is mediated by the conserved
lysine (K72 in PKA) in the active state. The disruption of the salt-bridge contacts between the Glu of
aC-helix and the contact residue in the activation
segment is likely to mediate further conformational
changes that leads to appropriate disposition of
residues at the catalytic centre upon phosphorylation. Hence, the contact residues also serve as
links between the N-terminal lobe and C-terminal
lobe of protein kinases in Src and BTK family in
their inactive state.
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Figure 4. The phospho-amino
acid in the activation segment of
(a) IRK and (b) LCK and its interactions with the contact residues in
the on state are shown. Aromatic
residues involved in cation – p interactions with RD-Arg and other
basic residues discussed in the text
are shown in blue.

Distinct modes of ATP binding in the on and
off states of Ser/Thr protein kinases
The crystal structures of substrate and ATP
bound ternary complexes of various Ser/Thr
protein kinases including PKA, CDK24,25 and phosphorylase kinase26 have indicated a common binding mode of the substrate peptides in their active

conformations. The backbone of the substrate peptides adopts an extended conformation to align
the hydroxyl group suitably at the catalytic site.
An analysis on the conformation of the co-substrate ATP, bound to active and inactive states of
protein kinases, by pair-wise superposition of ATP
atoms reveals distinct features. Average deviations
of atoms in base, ribose and phosphate groups
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Figure 5. Schematic representation of the interactions of phospho-amino acid in the activation segment of (a) Ser/
Thr and (b) Tyr kinases. PKA (a) and IRK (b) have been chosen as examples to illustrate the phospho-amino acid network in the two groups of protein kinases. Distinct nature of interactions with RD-Arg, characterized by electrostatic
interactions in Ser/Thr kinases and cation– p (aromatic) interactions in tyrosine kinases, stabilize the activation segment. Unlike in Ser/Thr kinases, N-terminal helix (aC-helix) of tyrosine kinases lacks interactions with the phosphoamino acid. The arrows (blue) indicate the residues involved in cation – p (aromatic) interactions in tyrosine kinases.

arrived at from all pairwise superpositions of ATP
molecules in kinases are represented in Figure 8.
ATP displays similar conformation in the on
state of Ser/Thr protein kinases as indicated by

the lower deviation of their adenine ring, ribose
and phosphate groups compared to ATP molecules
in the inactive states of kinases (Figure 8). This
feature is consistent with appropriate disposition

Figure 6. Phospho threonine
(pT 183) at the activation segment
of active MAPK and its interactions
with specific contact residues are
shown. Arg65 (blue) equivalent to
His196 of PKB (Figure 3) is drifted
away from the catalytic site and
lacks interactions with pT183.
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Figure 7. 3D structure of Src
kinase (2Src) in an inhibited state.
The interaction between residues
involved in Lys-Glu dyad (red) in
the active state and residues from
the activation segment (blue) is
shown.

Figure 8. Extent of deviation of conformation of ATP bound to active and inactive states of protein kinases. The average deviation (Å) of equivalent atoms of ATP observed for adenine, ribose and phosphate groups among active forms
(red) and between active and inactive forms (dark green) is shown.
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of the gamma phosphate groups for inline phospho-transfer.
ATP molecules bound to inactive forms of protein kinases show wide variations in the conformation of their chemical groups. Although the
adenine ring and the ribose groups of ATP deviate
least across active and inactive states, deviations
greater than 1 Å are observed in the equivalent
atoms of the phosphate groups of the ATP. The
beta and gamma phosphate groups are highly
mobile with equivalent atoms deviating by greater
than 3 Å.
These variations in the conformation of ATP are
likely to arise form the large conformational
changes accompanying the key residues involved
in ATP binding and coordination with the metal
ions (Mg2þ, Mn2þ) during transition into different
states. ATP binding residues of the kinase are
localized in distinct regions of the fold that
includes the Gly-loop, hinge region, catalytic loop
and the activation segment. In CDK the key residues comprising the ATP-binding pocket include
Gly13, Thr14, Val18 of Gly loop; Lys33 of Lys-Glu
dyad; Phe80, Glu81, Phe82 and Leu83 of the hinge
region; Asn132 of the catalytic loop and Asp145 of
the activation segment. These residues vary in
their extent of interactions with ATP in their active
and inactive states. While some of these residues
(G13, T14, F80, D145) are involved in ATP binding
only in the active state, other residues (F82, L83)
interact with ATP in the inactive state. The remaining residues participate in ATP binding in both
states of activity.
High mobility of phosphate groups enables their
co-ordination with the metal ions that are displaced due to the variation in the positions of
residue ligands (N132, D145) located in the catalytic and activation loop between the two conformational states of kinases.
The atoms of ATP bound to active form of
kinases in general can be well superimposed.
Large variation is, however, observed in the conformation of ribose and phosphate groups of ATP
bound to phospho-CDK/cyclin complex in comparison with ATP bound to active states of other
Ser/Thr kinases. Accommodation of ATP in altered
conformations within the structurally similar
catalytically active scaffold without hindering
phospho-transfer therefore seems to be influenced
by the binding of cyclin to CDK.
The conformations of ATP bound to Ser/Thr
kinases and tyrosine kinases in the on state also
varies to a large extent. The RTKs lack the formation of a correct Lys-Glu ion-pair in their active
states as described in a later section. The nature
of stabilization of the activation segment of tyrosine kinases in the on state is also distinct from
that of Ser/Thr kinases as described earlier. High
sequence divergence is observed in the nucleotide
binding pockets of Ser/Thr and Tyr kinases. These
distinct functional and structural features of Tyr
kinases are hence likely to influence the mode of
ATP binding in the tyrosine kinases. The different
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features appear to play an important role in the
distinct nature of co-ordination of phosphate
groups of ATP with the conserved lysine and
metal ions.
Influence of phosphorylation and ATP binding
on closed state of protein kinases
Appropriate spatial orientation of the ATP
binding residues and the relative disposition of
catalytic residues in the activation and catalytic
loop are characteristic to the closed state of
protein kinases. The aC-helix is a key structural
element in the N-terminal lobe mediating the
conformational changes occurring at the catalytic
center through an ion pair (Lys72-Glu91 in PKA)
that bridges phosphate groups of ATP. The charge
neutralization of the basic cluster of residues in the
active site5 is another critical feature in RD kinases
regulated by phosphorylation as described earlier.
The crystal structure of the apo-enzyme of phosphorylated PKA27 reveals the electrostatic interactions of the phospho-amino acid similar to its
ternary complex.
However, the Lys and Glu residues are spatially
distant, incapable of salt bridge formation and
coordination with a- and b-phosphate groups of
ATP. Phosphorylation of the activation segment in
PKA therefore appears to alter the active site
locally, with least influence on the formation of
ion pair in the N-terminal lobe.
In contrast to the Ser/Thr kinases, the receptor
tryosine kinases lack the Lys-Glu ion-pair interaction in their active states as observed in the 3D
structures of insulin receptor15 and IGF receptor
kinases.16 However, the phospho-amino acid in
the activation segment is capable of interacting
with the basic residues in its vicinity in a unique
way as described in the previous sections.
In the conformationally restrained state of
c-Abl28,29 the Lys-Glu ion pair interaction is
retained. However, the residues at the catalytic
site are not aligned for phospho transfer, as the
contact residues are not drawn towards Tyr412,
which is phosphorylated for complete activation
of the kinase.
The formation of Lys-Glu ion pair and conformational changes at the active site accompanying
the activation process are hence suggested to vary
across different protein kinases. The mechanisms
of acquisition of a closed, functionally competent
state in protein kinases is therefore suggested to
vary based on the extent of reorganization of the
active site necessary to initiate phospho transfer.
Interactions of “secondary” phospho-amino
acid residues in protein kinases
The phosphorylation occurs at multiple sites on
protein kinases providing additional controls on
their activity. In MAP kinases of CMGC subfamily,
the successive dual phosphorylation of the Thr
and Tyr residues in TXY motif of the activation
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segment results in local and global conformational
changes30 realigning the positively charged contact
residues close to the phospho threonine (pT183).
The second dianionic site unique to MAPK (Figure
9(a)) created by the phosphorylation of Tyr residue
also interacts with two basic residues (Arg189,
Arg192). Glycogen synthase kinase-3 (GSK-3),
another member of CMGC subfamily is usually
kept active in cells and is known to phosphorylate
a wide range of cellular proteins.31 PKB mediated
phosphorylation on the N-terminal serine residue
of GSK-3b leads to its inactivation. GSK-3b is
unique in its choice of substrates with higher
preferences for phosphorylated (primed) substrates. The phosphorylation on the activation
segment for regulation of this enzyme is nonobligatory. Analogous interactions are observed in
the 3D structure32 of GSK between the phospho-
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tyrosine (pY) 416 (only phospho-amino acid) in
the activation segment and Arg220 and Arg223
(Figure 9(b)). The basic residues hence are likely
to play a major role in accommodating the phospho-amino acid on the primed substrates similar
to their contacts with pY416 in the absence of the
substrate.
The four main groups of CMGC kinases (CDK,
MAPK, glycogen synthase kinase (GSK) and casein
kinase-2 (CK2)) show high conservation of basic
residues in equivalent positions with the exception
of CDK. An apolar residue (Leu166) replaces the
residue equivalent to the Arg189 (MAPK) in CDK
while the other basic residue is well conserved.
However, the role of these residues in CDK that
possess mechanisms of activation distinct from
MAPK and GSK is unclear. CK2 is a constitutively
active kinase and no phosphorylation at the

Figure 9. The interactions of secondary phospho-amino acid residues in the active and inactive states of protein
kinases. (a) Active state of MAPK, (b) phospho-glycogen synthase kinase (GSK), (c) inactive state of c-Src kinase
(inactive) and (d) inactive state of hemapoietic cell kinase (HCK).
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catalytic subunit is so far documented for its
regulation. It has to be noted that the Sky1p33 of
Saccharomyces cerevisiae (a non-RD kinase) is the
only other protein kinase in addition to the RD
kinases of the CMGC group, with basic residues
conserved at equivalent positions.
The inhibitory phosphorylation site of Src family
protein kinases is located C-terminal to the kinase
domain. Upon phosphorylation the phospho-tyrosine (Tyr527) docks into an intramolecular site
located in the SH2 domain.22,34 This interaction is
mediated by an ion pair between the wellconserved pair of Arg residues (R155, R175) in the
SH2 domain and the phosphate (Figure 9(c)). The
crystal structure of inactive HCK,21 another
member of Src family of kinases reveals analogous
interactions with a pair of basic residues in its
SH2 domain. The basic residues include an Arg
equivalent to the R175 of Src while the other basic
residue (K203) is located in a different strand
unlike R155 in the Src (Figure 9(d)). Thus, different
basic residues interact with the inhibitory pTyr in
HCK and Src as summarized in a schematic Figure
(Figure 10). These observations suggest that the
spatial location of the phospho-amino acid interacting residues is conserved, while their positions
in the primary structure vary.
The C-terminal Src kinase (CSK) is similar to Src
kinases in their modular organization with SH3,
SH2 and kinase domains. The in-built mechanism
of regulation is quite distinct from that of Src
kinases lacking phospho sites in the activation segment and the C-terminal tail. While basic residues
interacting with inhibitory phospho-sites in Src
are well conserved in CSK, a salt bridge exists
between one of the basic residues and Asp residue
located in the helix of SH2 domain in their inactive
state35 analogous to the contact of phospho-amino
acid. These observations indicate that the phosphoamino acid network at the inhibitory phospho
sites of Src show preferences for the basic residues
as exemplified by HCK and Src kinases. Among
the cytoplasmic tyrosine kinases, with similar
domain organization cAbl and CSK lack inhibitory
phospho sites (cAbl and CSK). Conserved nega-
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tively charged residues of cAbl and CSK (E123
in cAbl) form ion pairs with the basic residues
equivalent to the inhibitory phospho site interacting residues in the off state.
Coupling of inhibitory phospho-sites of CDK
with the Lys-Glu dyad
Phosphorylation on conserved Thr and Tyr
(Thr14 and Tyr15) residues in the Gly rich loop of
CDK by wee1 kinase36 leads to its inactivation.
The crystal structures of CDKs available in inhibited and inactive states reveal these phosphorylation sites to be distant from the aC-helix.
However, the partially active cyclin bound forms
of CDK and the fully active phospho-CDK/cyclin
complex show contacts between the hydroxyl
group of Tyr15 and the Glu51 of the Lys-Glu dyad
that anchors ATP. The proximity of the Tyr15 (in
glycine-loop) and Glu51 (Figure 11) induced by
cyclin binding, can cause a repulsion between like
charges upon phosphorylation of Tyr15 drifting
the aC-helix away from Gly-rich loop. The electrostatic repulsion is therefore likely to mediate the
transition of the partially active and fully active
CDKs to the inactive states.
Crystal structure of CDK phosphorylated at the
inhibitory sites should therefore clarify the role of
interactions of the Lys-Glu dyad with inhibitory
phospho sites in the Gly-rich loop.

Conclusions
The active state of Ser/Thr and Tyr kinases
adopt grossly similar structures that enable efficient catalysis on diverse substrates. Phosphorylation at the activation segment is the major means
of regulation of most of the RD class of kinases.
Interactions subsequent to phosphorylation at the
active site of these kinases facilitate substrate
access and phospho-transfer. While the chemical
environment of the active sites in the vicinity of
phospho-amino acid is well conserved, the spatial
location, extent and mode of interactions vary

Figure 10. Schematic representation of interactions of inhibitory
phospho-tyrosine in the Src family
of protein kinases. (left) c-Src and
(right) hemapoietic cell kinase
(HCK). The network of phosphoamino acid is comprised of distinct
positively charged residues well
conserved across the two protein
kinases.
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Figure 11. 3D structure of cyclin
dependent kinase showing interactions between Tyr15 (red), the
inhibitory phosphorylation site
and conserved Glu51 (red) of Lys
(green)-Glu dyad in cyclin boundphosphorylated complex (1JST).

across Ser/Thr and Tyr kinases. The Arg of the
RD motif stabilizes the activation segment by
electrostatic interaction with the phospho-amino
acid in most Ser/Thr kinases in their on state. In
contrast in the Tyr kinase the RD-Arg lacks the
conserved interaction with the phospho-amino
acid and alternately makes cation – p interactions
in on and off states with phenylalanine well conserved in known Tyr kinases. The phenylalanine
further extends its interaction to the substratebinding pocket and is hence likely to be important
for the formation of substrate binding sites.
Crystal structures of Ser/Thr kinases in the
active state also reveal conservation of polar interactions of RD-R with conserved tyrosine that is
uniquely conserved among RD kinases regulated
by negative charge or phospho-amino acid in the
activation segments. While the role of such interactions is currently unclear, it is likely to be another
feature of the active site of protein kinases specifically conserved in the on state.
The significance of the stabilizing interactions of
the contact residues with the phospho-amino acid
in the active state of kinases is well established.
Ion pair between the contact residue and the LysGlu dyad in the off-state of Src kinases and BTK
suggest coupling of the activation segment and
aC-helix, which communicates the changes to the
catalytic center subsequent to phosphorylation.
Preferences for interactions of the phosphoamino acid with specific contact residues in
aC-helix, are observed within the group of Ser/
Thr kinases as exemplified by AGC and CMGC
family of kinases. The variation in orientation of

aC-helix in distinct functional states of these subgroups of kinases and the intrinsic flexibility
associated with the catalytic core for such movements, appear to be critical for the choice of
residues in the phospho-amino acid network.
Inhibitory phosphorylation sites of Src family of
kinases also create a cluster of positively charged
residues, which are usually exposed in the on
states. Distinct set of basic residues, however,
participate in such interactions in the c-Src and
HCK family of kinases.
The tyrosine in the Gly-rich loop of CDKs is
proximal to Glu of Lys-Glu dyad in the active and
partially active structures. Phosphorylation of the
Tyr in the cyclin bound forms of CDKs leading to
inhibition of CDK is hence suggested to result
from the repulsion between Glu and the dianionic
charge.
The available 3D structures of protein kinases
have enabled the identification of a subset of
unique features associated with the active state
of Ser/Thr and tyrosine kinases despite many
common structural features and mechanisms of
phospho transfer. The participation of residues
conserved specifically in the two groups of kinases
in unique interactions provides a structural basis
for their conservation. While interactions of the
phospho-amino acid residues located at various
sites in the 3D-scaffold of the protein kinases with
positively charged residues is observed, the extent
of neutralization by the dianionic charge and the
spatial location of the positively charged residues
may vary.
ATP bound to Ser/Thr kinases in the on state,
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in general, adopt similar conformation of adenine,
ribose and phosphate groups. The conformation of
ATP varies between active and inactive forms of
ATP, with the phosphate groups showing the large
deviation in their relative orientation. Variations
are, however, observed in active states of other
protein kinases (CDK) which might be partially
influenced by additional factors like the interactions of the kinases with regulatory proteins.
The vast number of crystal structures of RDkinases in distinct conformational states have
aided in the identification of conserved and varied
functional features at their active sites subsequent
to phosphorylation. The number of 3D structures
currently available for protein kinases regulated
by other modes of regulation in on and off states
is limited. The emergence of crystal structures of
non-RD kinases in their on state will enhance the
current understanding of the factors stabilizing
their active sites.
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