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An active form of an insulin receptor tyrosine kinase (IRK) catalytic core was mod-
elled based on its experimentally known inactive form and the active form of a
serine/threonine kinase, protein kinase A (PEA). This theoretical model was com-
pared with the crystallographic structure of the active form of IRK reported later. The
structures are very similar, which shows that all the most important features and in-
teractions have been taken into account in the modelling procedure. The elaborated
procedure can be applied to other tyrosine kinases. This would allow designing of a
wide class of tyrosine kinase inhibitors, very important potential anti-cancer and/or

anti-viral drugs.

Protein kinases comprise a large and diverse
family of enzymes that play a key role in sig-
nal transduction [1]. Although they differ in
size and subeellular distribution, all known
protein kinases contain a two-domain con-
served catalytic core. The “upper” and “lower”™
domains can form either “open” or “closed”

enzyme conformation [2]. The closed confor-
mation complexed with ATP and a peptide
substrate is known to be the active form capa-
ble of transfering the y-phosphate from ATP
to the substrate. The full enzymatic activity re-
quires also specific phosphorylation of the en-
zyme. Knowledge of structural details of the
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active forms of protein kinases is required for
precise description of the enzymatic reactions
as well as for rational design of enzyme’s in-
hibitors. Modelling of the active form of insu-
lin receptor tyrosine kinase (IRK) is the object
of this study.

The insulin receptor (IR) is an agf; trans-
membrane glycoprotein with an intrinsic pro-
tein kinase activity which, upon activation by
insulin, mediates cell growth and metabolism
[3-5]. Binding of insulin to the extracellular
chains of the receptor results in changes of
the relative orientation of the f chains fol-
lowed by trans-autophosphorylation (between
two 8 chains) occurring in the cytoplasmic re-
gion of the protein [6]. Autophosphorylation
of three tyrosine residues in the activation
loop within the tyrosine kinase domain:
Tyr-1158, Tyr-1162, Tyr-1163, is crucial for
the kinase activity towards exogenous sub-
strates [7, B].

The IRK crystal structure, determined at a
2.1 A resolution in its unphosphorylated inac-
tive form, revealed a novel autoinhibition
mechanism [9]. One of the tyrosines from the
activation loop that is autophosphorylated in
response to insulin, Tyr-1162, is bound in the
active site, competing with the protein sub-
strate. Residues at the beginning of the activa-
tion loop restrict the access to ATP, which pre-
vents the cis-autophosphorylation of Tyr-1162.
This intramolecular trans-autophosphory-
lation, upon the insulin binding, can occur only
when Tyr-1162 is disengaged and MgATP is
bound.

In order to understand at the molecular level
the role of autophosphorylation for the kinase
activity, to elucidate tyrosine kinase substrate
specificity, and to gain an insight into the
phosphotransfer mechanism, we constructed
a 3-D model of the IRK catalytic core in its
phosphorylated, active form complexed with
MgATP and a peptide substrate, based on the
previously elaborated procedure modelling ac-
tive forms of protein kinases [10, 11]). When
this modelling of IRK was completed, an ex-
perimental 1.9 A crystal structure of IRK

complexed with an ATP analogue and a pep-
tide substrate has been reported [12]. This en-
abled comparison of the structures and pro-
vided a very useful test for validation of the
applied theoretical methods and the model-
ling strategy.

METHODS

The theoretical model of the active
(“closed™), phosphorylated form of the IRK
catalytic core in complex with a peptide sub-
strate and MgATP was designed, based on a
2.1 A crystal structure of IRK in its inactive
“open” form (PDB code: 1IRK) [9] and a2.2 A
crystal structure of PKA in its active, “closed”
form complexed with MnATP and a peptide
inhibitor (PDB code: 1ATP) [13] (Fig. 1). The
modelling procedure was carried out, accord-
ing to the alignment shown in Fig. 2, using the
INSIGHT II program package, version 95.0
[14].

An initial model of the IRK active form was
prepared by changing the orientation of the
upper lobe in the IRK inactive structure. Posi-
tions of the atoms in the lower lobe remained
unchanged, and the upper lobe, treated as a
rigid body, was transformed to obtain the
gsame relative orientation of the lobes as ob-
served in the structure of the PKA active
form. The helix C was then rotated towards
the C-terminal lobe to reconstruct a key inter-
action of Glu-1047 with Lys-1030. The linker
between the domains was adjusted manually.
The position of the activation loop (Gly-1149-
Leu-1170) was remodelled based on plausible
backbone fragments of the same length ex-
tracted from the PDB structures and the given
IRK sequence. Three phosphate groups were
attached to the side-chains of Tyr-1158,
Tyr-1162 and Tyr-1163.

MgATP was then docked in the same orien-
tation as MnATP in the PKA structure. Seven
residues from the preferred IRK substrate se-
quence (EEDYMMM) [15] were modelled par-
tially onto the backbone of the IRK pseudo-
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Figure 1. Ribbon diagrams of the protein kinase A (PKA) structure (PDB code: 1ATP, [13]) in its active
form (complexed with MnATP and a protein kinase inhibitor) and the apo insulin receptor tyrosine
kinase (IRK) structure {(PDB code: 1IRK, [9] in its inactive form.

Secondary structure elements: a-helices and S-strands, assessed by DSSP [18], are shown in red and yellow, respec-
tively. The a-helices are denoted by letters and the S-strands by numbers. MnATP is shown in gray and the protein

kinase inhibitor as the blue ribbon.

substrate sequence (activation loop) taken
from the structure of the IRK inactive form.
Subsequently, the positions of several side-
chains of the whole model were adjusted man-
ually to remove unfavorable contacts and to
maximize electrostatic and hydrophobic inter-
actions. The model was then subjected to a se-
ries of energy minimization steps with the
DISCOVER program [16] until the r.m.s. gra-
dient was smaller than 0.001 kecal/(mol x A).
In addition, a simulated annealing procedure
from 2000 K to 300 K was carried out to ob-
tain an optimal structure of the activation
loop region with the minimal energy. All en-
ergy optimizations were performed using the
steepest descent and conjugate gradients
methods using the AMBER forcefield [17]
with a distance dependent (4r) dieleetric con-
stant. The 1-4 nonbonded interactions were
scaled by a factor of 0.5.

RESULTS

The model of the active form of the IRK cata-
lytic core complexed with MgATP and a pep-
tide substrate is the first theoretical protein
tyrosine kinase structure in the active form. It
allows for description of the reaction mecha-
nism of this subfamily of protein kinases.

_+ Our model shows that one of the most impor-

tant residues responsible for the difference in
the mechanism of catalysis between tyrosine
and serine/threonine kinases is Arg-1136,
which corresponds to Lys in serine/threonine
kinases. However, Arg-1136 does not interact
with the y-phosphate of ATP, but stabilizes
longer side-chain of tyrosine to be phospho-
rylated. The modelling studies show clearly
that conformation of the P+1 loop, close to
Pro-1172, conserved through the tyrosine
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Figure 2. Structure-based sequence alignment of the catalytic core domains of IREK (PDB code: 1IR3,
[12]) and PEA (PDE code: 1ATP, [13]).

Residues conserved within the tyrosine kinase subfamily are highlighted in blue, and those for all kinases are in
green. Locations of the secondary structure elements in IRK and PKA aszessed by DSSP [18] are marked above
and beneath the sequences, respectively, f-strands are represented as yellow arrows, and a-helices as red rectan-
gles. Positions of the phosphorylated residues: tyrosines in [RK and threonine in PKA, are marked by black dots.

Figure 3. Comparison of the model
and the crystal structure of IRK
(PDB code: 1IR3, [12]) in its active
conformation.

The catalytic cores of the model and the
crystal structure are superimposed and
represented as the a-carbon traces in red
and blue, respectively. The MgATP/
MgAMP-PNP and substrate a-carbon
traces of the model and the crystal struc-
ture are shown in yellow and green, re
spectively.
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Figure 4. Comparison of the active site (A) and the substrate-binding region (B) for the model and the
crystal structure (PDB code: 1TRS, [12]).

The most important residues responsible for the catalysis and the substrate-binding are represented by sticks and
shown in orange and violet for the model and the crystal structure, respectively.
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kinase subfamily, is the determinant of the ty-
rosine versus serine/threonine substrate se-
lectivity. Furthermore, one clearly sees which
residues contribute to the substrate-binding.
This enables to understand the IRK substrate
specificity and allows rational designing of ty-
rosine kinase inhibitors.

After these modelling studies have been
completed, the experimental 1.9 A crystal
structure of the phosphorylated, activated
form of IRK in complex with an ATP analogue
and a peptide substrate has been reported
[12]. This allowed comparison of the struc-
tures and enabled validation of the theoretical
methods used in our modelling studies. A
careful analysis shows that the modelled
structure of the IRK active form was pre-
dicted correctly without any significant errors
(Fig. 3). The r.m.s. deviation of 268 a-carbon
positions in the catalytic core of the model
with respect to the crystal structure is 2.3 A.
The lobe closure in the model is more tight
than in the experimental structure. The ATP
phosphate groups are slightly shifted in the di-
rection of tyrosine to be phosphorylated. How-
ever, these differences may be due to the pres-
ence in the crystal structure of AMP-PNP, an
ATP-analogue, precluding phosphorylation of
the substrate.

The main differences are observed in the
N-terminal part of the activation loop, which
is very long and flexible. Some parts of this
loop were taken from other kinases, but the
position of the N-terminal part was generated
de novo. The model predicts that Tyr-1163
plays the same role s Thr-197 in PKA, and its
phosphorylation is required for the full activ-
ity of the kinase. One should note also that in-
teractions of this phosphorylated Tyr-1163
with the other part of the enzyme are very
similar in the model and crystal structures.

The structure of the active site and the sub-
strate-binding region as well as positions of
ATP and the peptide substrate have been pre-
dicted correctly (Fig. 4). Conformations of all
key residues involved in the catalysis and the
substrate-binding, especially Asp-1132,

Arg-1136, Asn-1137, Trp-1175 and Tyr to be
phosphorylated, correlate well with those ob-
served in the experimental structure. Interac-
tions of the peptide substrate with the resi-
dues on the IRK surface are also well recon-
structed in the model.

SUMMARY

Our modelling studies together with the
crystallographic structure of IRK [12] led to
precise description of the IRK active form at
the molecular level. The both structures of
IRK in its active form provide an insight into
the IRK receptor activation via autophos-
phorylation and explain the mechanism of
phosphotransfer, the substrate specificity and
tyrosine selectivity of this subfamily of pro-
tein kinases.

The detailed comparison of the model and
the experimental crystal structure shows no
essential discrepancies, Most of the amino-
acid sidechains conformations, as well as the
key interactions in the active site and the sub-
strate-binding region, were predicted cor-
rectly. The main differences, observed in the
activation loop, do not change the most impor-
tant conclusiornts. The model structure reveals
correctly that Tyr-1163, and not Tyr-1162, is
structurally related to Thr-197 in PKA or
Thr-160 in CDK2.

Our model is sufficiently accurate to allow
formulation of reliable biological conclusions.
In particular, this theoretical procedure can
be applied to modelling of other protein tyro-
sine kinases as well as further rational design
of their inhibitors as potential drugs.
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