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1.1 INTRODUCTION

The three-dimensional structure being critical for the function of a protein is usu-
ally conserved during evolution. It holds a wealth of information which can be
harnessed to understand various aspects of proteins including sequence- structure-
function and evolutionary relationships. The understanding of these complex rela-
tionships is facilitated by a simplistic one-dimensional representation of the tertiary
structure like a string of letters. The advantage is an easier visualization without
losing much of the vital information due to dimension reduction. Using various
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methodologies, local structural patterns that can be combined to generate the desired
backbone conformation, have been identified that use atomic coordinates characteris-
ing three-dimensional structures of proteins. Protein Blocks (PBs) is a set of 16 such
local structural descriptors, denoted by letters a .. p that has been derived using un-
supervised machine learning algorithms and can approximate the three dimensional
space of proteins. Each letter corresponds to a pentapeptide with distinct values of 8
dihedral angles (®,¥).

We demonstrate the use of PBs to characterize structural variations in enzymes us-
ing Kinases as the case study. A protein kinase undergoes structural alterations as
it switches to its active conformation from its inactive form. Crystal structures of
several protein kinases are available in different enzymatic states. Firstly, we have
applied PBs approach in distinguishing between conformation changes and rigid body
displacements between the structures of active and inactive forms of a kinase. Sec-
ondly, we have performed a comparison of conformational patterns of active forms
of a kinase with the active and inactive forms of a closely related kinase. Thirdly,
we have studied the structural differences in the active states of homologous kinases.
Such studies might help in understanding the structural differences among these en-
zymes at a different level as well as guide in making drug targets for a specific kinase.

The first section gives a brief introduction on PBs and protein kinases followed by
the analyses on conformational plasticity in kinases using Protein Blocks.

1.1.1 Anintroduction to Protein Blocks (PBs)

The tertiary structure of a protein is complex and is formed by a specific arrangement
of regular secondary structures viz. helices and strands connected by less regular
coils. Combinations of secondary structures in specific arrangements, called motifs,
are frequently observed in proteins and are associated with specific functions; EF
hand and helix-turn-helix motifs are some of the examples. These motifs are patterns
that can act as functional signatures. Although the three-state representation ( -helix,
-strand and coil) has been used for various structural analyses, it suffers from certain
limitations. The description lacks the detailed information on relative orientation of
secondary structures and ambiguity in assigning their beginning and end and precise
definition of distinct conformations that are collectively classified as coils. Thus,
it fails to capture the subtle variations in structures of closely related proteins. In
addition, it lacks the information required to reconstruct the backbone of a protein
structure. The depth of knowledge gained through the analysis of 3-D structures is
partly dependant on how detailed and accurate the representation is. The descrip-
tion of protein structures as secondary structural elements is an oversimplification.
Therefore, elaborate local structures that can describe a protein structure more pre-
cisely have been derived without using any a priori information from the available
structural data. The more detailed descriptors were to serve two purposes. Firstly, a
combination of these fragments, like building blocks, would be able to approximate
the backbone conformation of known structures. The higher the number of these frag-
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Figurel.l Transformation of athree-dimensional structure of ubiquitin conjugating enzyme
(PDB code 2AAK [14]) to its one-dimensional Protein Blocks sequence. A) 3-D representation
of 2AAK. B) focusses on the loop region and correspondence in terms of PBs, with PBs gcehia
(C) the complete structure encoded in terms of PBs, the loop region in (B) is boxed. This Figure
and Figures 1.2, 1.5 and 1.8 have been generated using PyMOL [55].

ments in a library, more precise is the description. Secondly, they would be useful in
understanding sequence-structure relationships and in predicting a fold solely from
its sequence. However, fewer fragments would be better for adequate prediction of
such relationships. The number of fragments in a library is a compromise between
the two requirements.

Many groups have derived libraries of short protein structures called structural al-
phabets [1]. These libraries differ in the methodologies used to derive fragments
and in the parameters used to describe these fragments [2,3,4,5,6,7,8,9,10,11]. The
description parameters include the C« coordinates, Ca distances and dihedral angles
that are used by methods like hierarchical clustering, empirical function, Artificial
Neural Network, Hidden Markov Model and Kohonen maps for classification. These
libraries differ in length of the fragments and the number of prototypes used to de-
scribe them.

One such library of local structural descriptors is Protein Blocks that is highly infor-
mative and has proved to be useful in various applications. It is a set of 16 structural
prototypes named as a to p, each describing a five residue peptide [8]. Thus, each of
the 16 prototypes is defined by a set of 8 dihedral angles. The PBs d and m represent
roughly, the backbone of strand and helix respectively. The prototypes a to ¢ are
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associated with the N-caps of g strand and e to f to its C-caps. The PBs & to [ and
n to p, respectively, describes the N-caps and C-caps of « helix and ¢ to j represent
PBs, which can be associated to coils. These have been identified using unsupervised
machine learning algorithm [8]. For each of the overlapping fragment, five residues
long, extracted from a non-redundant set of protein structures, the dihedral angles
were calculated. The difference in the values of the angles among these fragments
was scored using Root Mean Square Deviation on Angular values (RMSDA, [7]).
An unsupervised approach related to Self Organizing Map [12] was trained to learn
the difference in structural fragments using RMSDA as the distance metric and also
the transition probabilities between fragments in a sequence. The process resulted
in generation of 16 prototypes. It can approximate the local backbone conformation
with an RMSD of 0.42A [13]. Figure 1.1 shows the three-dimensional structure of the
ubiquitin conjugating enzyme [14] transformed into one-dimensional PB sequence.
The Protein Blocks approach has proved useful in various kinds of analyses as de-
scribed below and at present, it is most widely used structural alphabet.

While the superposition of three-dimensional structures is complex, two structures
encoded as a string of PBs can be aligned though simple dynamic programming
algorithm. PB-ALIGN algorithm which uses dynamic programming and a blocks
specific substitution table to align two PB sequences has been developed [15,16]. A
substitution matrix specific to blocks, which contains the probability of substitution
of a Protein Block by any of the 16 PBs, has been generated. PALI database [17],
containing structure-based sequence alignment of homologous protein structures in
every SCOP family, was used to generate the matrix. The frequency of substitution
for every Protein Block was calculated for all topologically equivalent regions and
normalized by the occurrence of blocks in the database. Apart from aligning two
structures (see Figure 1.2), the PB-ALIGN algorithm has also been used successfully
in database mining to identify proteins of similar structure [18]. The Protein Blocks
approach has also been applied in identifying Mg?* binding sites in proteins [19].

PBsare 5 residues long fragments. To assess the structural stability of these short frag-
ments, we identified the most frequent series of 5 consecutive PBs. They proved their
capabilities to describe long length fragments [20]. A novel approach named Hybrid
Protein Model was developed [21,22]. This innovative approach made it possible to
create longer prototypes that are 10 to 13 residues in length. Alongside, the number
of prototypes has increased significantly to take into account structural variability for
these longer fragments, e.g. 100 to 130 prototypes. These longer fragments were
used to perform simple structural superimposition [23], methodological optimisation
[21] and analysis of sequence-structure relationships [22,24].

Prediction of protein structure from sequence alone is still a challenging task. Protein
Blocks have been used not only to predict short loops [25] but also global structures
[26]. The accuracy with a simple Bayesian approach reached 34.4% [8]; it was im-
proved to 48.7% [27].Recent developments have been made by other teams. Li and
co-workers proposed an innovative approach for PB prediction, taking into account
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Figure 1.2  Protein structure superimposition using PB-ALIGN [16]. Firstly, the protein
structures are encoded in terms of PBs. In this example, the two proteins are the ubiquitin
conjugating enzyme (cf. Figure 1.1) and a ubiquitin protein ligase (PDB code 1Y8X [56]).
Then using global and / or local alignment, in a similar way to CLUSTALW [57] , the two PB
sequences are aligned. Identical (*) and similar (#) PBs have been underlined. From this PB
sequence alignment, the protein structures are easily superimposed.

the information on secondary structure and solvent accessibilities [28]. Interest-
ingly their approach was found to be useful for fragment threading, pseudo-sequence
design, and local structure predictions. Zimmermann and Hansmann developed a
method for PB prediction using SVMs with a radial basis function kernel, leading to
an improvement of the prediction rate to 60-61% [29].The prototypes of HPM have
also been used in different prediction approaches [22,30].

Apart from its application in approximation of protein backbone, comparison of pro-
tein structures and prediction of local backbone structures as mentioned above, Protein
Blocks approach has also been used to build transmembrane protein structures [31],
to design peptides [32], to define reduced alphabets for designing mutants [33] and
to analyse protein contacts[34].
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1.1.2 Anintroduction to protein kinase

Protein phosphorylation is an important regulatory mechanism used by cells to re-
spond to external stimuli such as neurotransmitters, hormones or stress signals. Pro-
tein kinases are enzymes that phosphorylate the target protein by transfer of ~ phos-
phate of an ATP molecule. The target proteins include enzymes like glycogen syn-
thase and other kinases; transcription factors like c-Jun and non-enzymatic proteins
like histones that are involved in distinct signalling pathways linked to metabolism,
gene expression, cell motility, cell division, cell differentiation, and apoptosis. Phos-
phorylation of target protein alters its sub-cellular localisation, activity levels or its
association with other proteins, affecting the downstream processes in the signalling
pathway. Kinases being key players in the regulation of these processes, a tight
regulation of their activity are crucial for normal functioning of an organism. Few
mechanisms to regulate kinases have been described in the following paragraphs.

Based on the identity of amino acid phosphorylated in the target, protein kinases
have been broadly categorised into (1) serine/threonine, (2) tyrosine, and (3) dual-
specific kinases, which can phosphorylate serine/threonine, tyrosine and any of the
three residues respectively. Phosphorylation at other residues histidine, lysine, argi-
nine, cysteine and aspartate has also been reported in the literature. Serine/threonine
and tyrosine kinases form the largest protein family in many eukaryotes and share
a common three-dimensional catalytic domain. A classification of kinases based on
sequence similarity of the catalytic domain has been proposed [35]. The seven major
groupsare: (1) AGC (protein kinase A, protein kinase B, protein kinase C), (2) CMGC
(Cyclin-dependant kinase, Map kinase, Glycogen synthase kinase 3, Casein kinase
1), (3) CaMK (Ca™™, calModulin Kinase), (4) PTK (Protein Tyrosine Kinase), (5)
TKL (Tyrosine Kinase-Like kinases), (6) STE, (7) OPK (Other Protein Kinase). Each
group contains various families and subfamilies, whose details are beyond the scope
of the present chapter. The reader can refer to various resources on kinases mentioned
at the end of the chapter [36,37].

The kinase catalytic domain, which is 250-300 residues long, is conserved well
among serine/threonine and tyrosine kinases. It can be divided into two subdo-
mains: N-terminal lobe, formed mainly from five-stranded -sheet and a helix called
« C helix and a C lobe, which is predominantly helical. Several conserved motifs
important for catalytic activity have been characterized. Figure 1.3 highlights the
important regions and the crucial residues required for catalysis. The ATP binding
and the catalytic site are located between the two subdomains. A highly conserved
P loop, which contains a glycine rich motif, GXGX¢G, formed by two antiparallel-
strands (G 1 and 5 2) connected by a loop, binds to phosphate group of ATP in the
ATP binding cleft. The Gly residue provides flexibility and ¢ is usually a Phe or a
Tyr residue that caps ATP. An invariant lysine, located in § 3 strand, orients « and
phosphates of ATP for phosphotransfer and also forms a catalytic triad through ionic
interactions with Asp (184 in PKA) and Glu (91 in PKA) that is located in « C helix.
These interactions are important to maintain kinase in its active state. Catalytic loop,
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Figure 1.3 The catalytic domain of kinase. The motifs important for ligand binding and
catalysis have been marked. The key residues important for function are shown as sticks.
Mg-ATP is shown as spheres.

part of the C-terminal lobe, contains an Asp residue that acts as a base and phospho-
rylates the OH group of the substrate. The activation loop present in the C-terminal
lobe is phosphorylated when a kinase is in active state. This causes stabilization of the
loop conformation allowing the binding of substrate. DFG motif in a typical kinase
structure lies N-terminal to the activation loop, D in this motif interacts with Mg
ion. The C-terminal end of the activation loop is marked by a conserved APE motif.
The Glu forms electrostatic interactions with a conserved Arg residue. Another im-
portant interaction responsible for stabilization of catalytic loop is formed between
the Tyr and Arg residues. The placement of DFG motif and phosphorylation sites
vary among different kinases. The phosphorylation site and the nearby residues form
a signature, specific for each kinase that acts as peptide positioning region.

The fact that protein kinases regulate important cellular processes necessitates a tight
regulation of activation in these proteins. The enzymes are usually kept 'off’ and
the activation is under multiple layers of control. Few important modes of regula-
tion of these enzymes have been described [36]. (a) The binding of extracellular
signals to receptors/ion channels leads to a change in the concentration of secondary
messengers including small molecules: cAMP, cGMP; lipid secondary messengers:
diacylglycerol, phosphatidylinostiol, 3,4,5 triphosphate and Ca**. Most secondary
messengers cCAMP for example; exert their effect through allosteric binding to addi-
tional domains/subunits in kinases as in PKA and Ca?*/calmodulin activation as in
CaMK. The secondary messengers-dependant kinases, in the absence of secondary
messengers are kept in the inactive state by association with autoinhibitory regions.
(b) The catalytic subunits in cyclin-dependant kinases, for example, are activated



8 CHARACTERIZATION OF CONFORMATIONAL PATTERNS INACTIVE AND INACTIVE FORMS OF KINASES USING PROTEIN BLOCKS APPROACH

only after their association with regulatory subunits like cyclins whose level of ex-
pression varies depending on the functional state of the cell. (c) In Src kinases,
for example, additional domains like SH2 and SH3 domains target the enzyme to
different subcellular localization. (d) In receptor kinases, the external signal induces
oligomerization of receptors leading to autophosphorylation of intracellular domains.
The autophosphorylated site may serve as docking site for accessory proteins leading
to the activation of downstream processes in the signalling cascade. (e) Many pro-
tein kinases are activated by phosphorylation in sites located mainly in the activation
loop of the catalytic domain or sometimes in regions beyond catalytic domain or in
another subunit. The signalling events are tightly regulated not only to activate a
molecule from an ’off’ state but also to limit the lifetime of active moieties. Even
a slight perturbation in regulation can have severe consequences. The de-regulation
of kinases has been linked to diseases like cancer and diabetes. Various kinases like
MAP kinase, c-Src, c-Abl, P13 kinase and EGF receptor are known to be activated in
cancer genes. The use of kinases as potential drug targets has accelerated especially
after the success of Gleevac (Novartis), an inhibitor of protein tyrosine kinases for
anti-cancer therapy.

Kinases act as molecular switches and exist in two distinct conformation states: ‘on’
state, the high activity form and ’off’ state, low activity form [38]. Using Protein
Blocks approach we have compared the two states and characterized the structural
alterations into rigid body displacements and conformational variations. The analysis
is presented in the following section.

1.2 DISTINGUISHING CONFORMATIONAL VARIATIONS FROM RIGID
BODY SHIFTS IN ACTIVE AND INACTIVE FORMS OF A KINASE

The dataset considered for this analysis includes crystal structures solved for various
kinases in their active and inactive forms [39,40]. For each kinase, its active and
inactive forms were superposed using a robust structural alignment algorithm, MUS-
TANG [41]. The regions that correspond to high deviation in their Ca position were
identified by calculating Ca-Ca deviation values for every pair of equivalent residues
in the two aligned protein structures. Also, each of the two structures was encoded
as string of PBs. The two PB sequences were then mapped onto the structural align-
ment previously generated using MUSTANG. Using the substitution table for Protein
Blocks [15], a score was assigned to all positions where the deviation in Ca positions
is high. The variable regions, which have undergone only rigid body movements,
will be reflected as high PB scores. Since the local structure has remained same and
has only shifted, the corresponding PBs would be identical or highly similar giving a
positive score for the alignment region. On the contrary, a low PB score would indi-
cate differences in the properties of aligned PBs indicating a conformation change at
the structurally variable region. This approach was applied to analyse the structural
differences in the two forms of various kinases and the results for individual cases
have been discussed below.
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Figure 1.4 A plot of Ca -Ca deviation and PB score versus the alignment position for the
aligned structures of distinct states of Insulin Receptor Kinase. The regions corresponding
to conformational variations and rigid body shifts are indicated as filled and open boxes
respectively.

1.2.1 Insulin Receptor Kinase (IRK)

IRK is a transmembrane protein tyrosine kinase receptor that regulates pathways
involved in cell metabolism and growth. A switch from its inactive to active form
requires binding of insulin in the extracellular domain. The signal of ligand binding is
transmitted to the catalytic domain located in the cytosolic side. The response to the
signal includes autophosphorylation of tyrosine residues in the activation loop of the
kinase domain. Phosphorylation of insulin response substrates by activated kinases
leads to the activation of downstream molecules in the signalling pathway. Crys-
tal structures of human IRK in both the active (PDB code 1IRK, [42]) and inactive
forms (11R3,[43]) have been reported. Figure 1.4 shows a plot of Ca-Ca deviation
values and PB scores corresponding to each position in the alignment of the active
and inactive forms of kinases. The regions with high deviation of Ca positions and
high PB scores that correspond to rigid body shifts are indicated in open rectangles.
The regions with high deviation and low scores that correspond to conformational
differences are indicated in filled rectangles. The regions of structural variations in
the two forms of IRK have also been marked in Figure 1.5A. The rigid body shifts
are shown in dark grey and conformational variations in black. These findings are
corroborated from the structural details about these proteins available in literature. In
the inactive form, the activation loop is in an auto-inhibitory conformation preventing
the binding of substrate and restricting the access of ATP molecule. Phosphorylation
of three tyrosine residues in the activation loop of the protein results in a large dis-

9
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Figurel5 Superpositions of active and inactive states of various kinases. A) Insulin Receptor
Kinase, B) Mitogen Activated Protein Kinase, C) Protein Kinase A, D) Cyclin-Dependant
protein Kinase. The regions undergoing marked structural alterations have been labelled.

placement in the loop that is as high as 30A. Overall, there is a rigid body shift in the
N-terminal domain that is prominent in 5 1 and /3 2 strands, P loop connected to the
strands and o C helix (Figure 1.5A). The residues in nucleotide binding (P loop) form
contacts with phosphates of ATP bound at the active site. A small region in P loop
motif undergoes slight conformational change as is reflected from the scores in the
blocks alignment. The movement of helix brings a conserved Glu in close proximity
to Lys in the ATP binding site [42]. These structural alterations together result in the
alignment of residues for optimal interactions that is required for catalysis.

1.2.2 Mitogen-Activated Protein Kinase (MAPK)

MAPK are serine/threonine-specific kinases that control embyogenesis, cell transfor-
mation, cell proliferation, cell differentiation and apoptosis. The members of MAPK
family include ERKs, JNKs and P38 kinases. ERKSs are activated by mitogen and
growth factors while JNK and P38 are activated in response to inflammatory cy-
tokines, growth factors and cellular stress. The dual phosphorylation at Thr and Tyr
in the TXY motif located in the activation loop causes the switching of kinase to
its active form. The activated kinases phosphorylate various transcription factors,
cytoskeletal elements, other protein kinases and enzymes. Since these enzymes me-
diate key events throughout the cell, they are drug targets for a wide range of diseases
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including cancer and Alzheimer. The superposition of the structures of active ERK2
(2ERK, [44]) and inactive state (1ERK, [45]) of the enzyme are shown in Figure 1.5B.
Although, no marked rigid body displacements were observed, conformational varia-
tions were seen in nucleotide binding loop (P loop), activation loop and a C-terminal
extension L16, a region specific to MAPK. The N-terminal regions are disordered in
both the protein structures. Activation loop is the central regulator. Conformational
change in the activation loop brings the phosphorylated Ser and Tyr residues closer
to an Arg that provides charge stabilization. One of the phosphorylated residues now
sits between the two domains facilitating domain closure while the other phospho-
rylated residue on the surface forms the P+1 specificity site. A small loop region in
inactive kinase in L16 changes to a 31 helix in the active form. This conformation
change was also captured by a change in PBs between the active and inactive form
that corresponds to loops and helices respectively. The conversion to helical structure
brings a previously buried Phe on the surface that now forms stacking interactions
with a His in the activation loop. The 31 helix promotes tighter interactions between
the two domains. Also, the exposure of previously buried Leu residues to solvent
creates a hydrophobic patch that facilitates homodimerization, known to be important
for nuclear localization of the enzyme. The MAPK insertion region does not undergo
significant change. The interaction of phosphorylated region in the activation loop
with N-terminal lobe and L16 orients the N and C-terminal lobe.

1.2.3 Protein Kinase A (PKA)

PKA is a cAMP-dependant protein kinase and plays a key role in cellular response
to this secondary messenger. The enzyme is a heterotetramer of two regulatory and
two catalytic subunits. Activation of the kinase is mediated by binding of CAMP to
the regulatory subunits with subsequent release of catalytic subunits. The tertiary
structures of active (1ATP, [46]) and inactive forms (1J3H, [47]) were superposed.
The comparison of the alignment of the two structures revealed structural alterations
in nucleotide binding loop, « B helix, « G helix and the activation loop (Figure 1.5C).
The phosphorylation of the residues in the activation loop switches the enzyme to its
active form. The conformational change in the activation loop is linked to adjustments
in the rest of the structure to realign the catalytically important residues for efficient
phosphotransfer. The rigid body shift in P loop brings the residues of this loop closer
to ATP allowing the interactions with o and 3 phosphate groups to form. The loop
connecting the helices F and G is the peptide-binding loop. Due to a shift in this loop
and in G helix, the residues in this region can now extend the network of interactions
from the substrate-binding region to the active site allowing acommunication between
the distant regions promoting catalysis.

1.2.4 Cyclin-Dependant Kinase 2(CDK2)

CDK?2 is a serine/threonine-specific kinase that coordinates the events in eukary-
otic cell cycle. The activation of the kinase requires binding to cognate cyclin and
phosphorylation in the activation segment in a two-step process. The structure of
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phosphorylated CDK2 in complex with cyclin A and ATP~ S, the fully active form
(1JST, [48]) was compared with the unphosphorylated, apo form (1B38, [49]). Based
on the PB scores, marked conformation changes were observed in T loop that contains
the phosphorylation site analogous to activation loop in PKA. Other regions which
undergo variations include the nucleotide binding loop and the loop connecting 3
3 to PSTAIRE helix (Figure 1.5D). High PB scores that correspond to rigid body
shifts were observed for 5 1 and 3 2 strands and 3 hairpin connected to PSTAIRE
helix. Binding of cyclin results in variation in the activation segment and PSTAIRE
helix. The additional interactions formed by phosphorylated T segment with cyclin
compared to the unphosphorylated segment cause further stabilization of the com-
plex. Binding of cyclin restores the interaction between Lys in g 3 strand and Glu
in PSTAIRE helix. The PSTAIRE helix seems to play a key role in regulation. The
residues in this helix interacts with cyclin and help in neutralization of charge at the
phosphorylated site. Although an arginine from catalytic loop also helps in charge
neutralisation, no significant structural alterations were observed in this region.

The above analyses indicate that different protein kinases share regions that undergo
structural variations to switch to their active forms. However, the nature of structural
alterations is not similar.

1.3 CROSS COMPARISON OF ACTIVE AND INACTIVE FORMS OF
CLOSELY RELATED KINASES

The section describes the analyses on comparison of active forms of a kinase with
the active and inactive forms of a closely related kinase. We show the results for
two closely related pairs: (1) Protein kinase A (PKA) [active, LATP[46] and inactive,
1J3H [47]], Protein kinase B (PKB) [active, 106L [50] and inactive, IMRV[51]];
(2) Insulin Receptor Kinase (IRK) [active, 1IRK [42] and inactive, 1IR3 [43]], In-
sulin Like Growth Factor Receptor Kinase (ILGFRK) [active,1K3A [52] and inactive,
1JQH [53]].

For each pair of closely related kinases, the active forms were aligned using MUS-
TANG [41]. The structures of the active forms of kinases were also superposed on
the inactive form of a closely related kinase. The structures of each kinase were trans-
formed as Protein Blocks and mapped on the structure-based sequence alignments.
For all alignment positions where residues were aligned, the PB scores were calcu-
lated using the PB substitution matrix. A normalized PB score was calculated after
adding values over the entire alignment and dividing by the number of residue-residue
alignment positions. The analysis revealed a high PB score for an alignment of the
active forms compared to the cross comparison of the active and inactive forms for
each pair of closely related kinases. Additionally, the alignment of active and inactive
forms of the same enzyme scored lower than the pair of active kinases. The results
are presented in Figure 1.6.



COMPARISON OF THE ACTIVE STATES OF HOMOLOGOUS KINASES 13

o (‘) 0] o
Lol
o B W %
e
=
g
]
0 14 X
=~ o] (o] [e] (o]
- X
@
&
i X
£
=
z

Kinase Pairs

Figurel.6 The plothighlights the difference in Protein Blocks score obtained after alignment
of active pairs and active-inactive pairs in closely related kinases. The positions in the plot that
refer to PB scores for active pairs are shown as dots and active-inactive pairs are indicated as
crosses. The notation for kinase pairs is as follows: 1) PKA active-PKB active compared to
PKA active-PKB inactive, 2) PKA active-PKB active compared to PKB active-PKA inactive,
3) PKA active-PKB active compared to PKA active-PKA inactive, 4) PKA active-PKB active
compared to PKB active-PKB inactive, 5) IRK active-ILGFRK active compared to IRK active-
ILGFRK inactive, 6) IRK active-ILGFRK active compared to ILGFRK active-IRK inactive,
7) IRK active-ILGFRK active compared to IRK active-IRK inactive, 8) IRK active-ILGFRK
active compared to ILGFRK active- ILGFRK inactive.

The analysis indicates a higher global similarity in the active forms of closely re-
lated kinases as compared to the active and inactive forms. This preliminary study
suggests a possibility of identifying the state of a kinase based on the PB score ob-
tained after its comparison with the other known states of the same enzyme or its
close homologues.

1.4 COMPARISON OF THE ACTIVE STATES OF HOMOLOGOUS
KINASES

In this analysis, the structures of the active forms of PKA, IRK, CDK2 and MAPK
have been compared. Although, the proteins share only 14% similarity in sequence,
the structures of the active kinases share remarkable similarity. Figure 1.7 shows a
block of structure-based sequence alignment generated after simultaneous superpo-
sition of the structures of above mentioned kinases using MUSTANG [41] algorithm
and represented in JOY [54] format. As shown in Figure 1.7, the residues that play an
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Figurel.7 A multiple alignment of the structures of active kinases. The alignment has been
labelled for various regions. Secondary structures are marked in the figure; o corresponds to
-helix, (3 refers to -strand and 3 to 31 helix. The solvent inaccessible regions are shown in
upper case while buried regions in lower case.
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o C Helix (IRK)

P Loop (PKA)

Activation Loop (IRK)

Activation Loop (PKA)

Activation Loop (CDK2)
Activation Loop (MAPK)

Figure1.8 The superposition of the active states of PKA, IRK, MAPK and CDK are shown.
The structurally variable regions are shown in black colour

important role either in catalysis or in ligand binding are conserved: Gly rich motif in
P loop; Lys in @ 3 strand, that positions « and 3 phosphates of ATP for catalysis; Glu
in « C helix that forms ion-pair with Lys and is important for catalysis; catalytic Asp,
His and Arg residues in the catalytic loop; conserved Asp in F helix (not shown in the
figure) and DFG and APE motifs in the activation loop. Although, important residues
are aligned, certain regions holding these residues show high Ca-Ca deviation with
respect to the equivalent regions in other kinases (see Figure 1.8). P loop in PKA is
shifted away compared to the loop in other kinases, which overlap better. The repre-
sentation as Protein Blocks shows dissimilarity in the properties of PBs corresponding
to this region suggesting a variation in local structure. There is a rigid body shift in
a C helix of IRK. The helix movement is known to be coupled to nucleotide binding
at the active site of the enzyme. The N-terminal DFG motif in IRK shows slight
deviation compared to other kinases. This deviation corresponds to a conformational
variation. The activation segment differs in length and is conformationally distinct
among these kinases. The primary phosphorylation sites in these kinases do not lie
at topologically equivalent regions. The helices F and G are conserved.

The above analysis highlights the similarities and differences in the structures of
active forms of kinases through identification of regions of high Ca-Ca deviation
and their representation as Protein Blocks.
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1.5 CONCLUSIONS

Protein Blocks are a higher-level abstraction of protein structures as compared to the
standard three-state description as helix, strand and coil.

The PBs approach can be used successfully in distinguishing rigid body shifts from
conformational variations as has been exemplified for kinases, which have distinct
three-dimensional structures in their active and inactive states. The regions with high
deviation in Ca positions and low PB scores correspond to conformational varia-
tions. On the contrary, a high PB score for regions with high deviation indicates a
similarity in local structure with gross reorganization of the local region on the three-
dimensional structure. Under such circumstances, a large value of Ca -Ca deviation
is a consequence of displacement of the region. Based on our analyses using this
approach, we find that the regions in inactive protein kinases that undergo structural
alterations while switching to their active states are generally common among these
kinases; however, the nature of variations is different. The study can be extended to
analyse structural variations in proteins at various levels. Examples include the study
of homologous proteins to understand structural differences, analyses of structural
changes induced in proteins on binding to different ligand/effector molecules and
study of structural alterations at protein-protein interfaces because of binding to its
interacting partner.

A cross comparison of active and inactive states of closely related kinases indicates
a higher global similarity in structure of active states of the kinases as reflected from
their PB scores compared to the active form and inactive forms. This kind of study
might be useful in estimating the activity levels (state) of kinases based on their PB
score.

Although, the active states of various kinases are structurally quite similar, differ-
ences do exist. We have compared the active forms of four different kinases and
identified the regions, which deviate from the topologically equivalent regions in
other kinases. When encoded as Protein Blocks, some equivalent regions with high
Ca -Ca deviation have low PB scores indicating conformation differences in those
regions. The regions with high deviation and high score showed differences in spatial
orientations of the local structures in the homologous kinases.
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