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Summary

The common domain of tyrosine kinase proteins, the kinase domain (KD), is the subject
of this thesis. It is the enzymatic moiety that catalyzes the transfer of a phosphoryl group
from an ATP molecule to a tyrosine residue of a peptide substrate.

Cells have developed such a device through many evolutionary steps up to the achieve-
ment of its stable function and control in multicellular eukaryotes. By domain shufflings
and gene duplications, the protein family grew and differentiated in many elements with
different topologies. The variety of protein modules at N- and C-terminal position of
the KD characterizes TKs for their biological functions and behaviors, interactions with
secondary partners and localization within the cell. Two groups of kinases, transmem-
brane and cytosolic proteins, are present for cell-signaling purposes. While the first ones
are able to capture a specific signal from the extracellular environment and transduce it
inside the cell, these are called receptor tyrosine kinases. The second proteins are often
found in biological pathways to transfer and differentiate various signals inside the cell
and are known as non-receptor tyrosine kinases. In humans, 90 tyrosine kinases have been
identified and classified in 30 subfamilies based on their sequence similarities.

The crucial physiological role of these proteins in cell growth, development and diffe-
rentiation has been confirmed by a large body of the scientific literature as well as their
correlation with several diseases. Pathologically, many protein modifications, namely
mutations, deletions and insertions of stretches of amino acids, are correlated with the
abnormal function of TKs. Moreover, protein overexpressions and fusions have been found
in cell lines with oncogenic behaviors. Thus, the need to understand the mechanisms and
to develop treatments of many diseases where TKs are involved, pushes the scientific
community to investigate several aspects of these proteins.

The work here presented goes in such direction. Several features of these evolutionary
related enzymatic moieties are evaluated with major focus on their sequences, structures,
dynamics and ligand bindings. Issues like: molecular recognition of ligands, stretches of
amino acids determining structural characteristics and dynamics of the enzymatic acti-
vation were addressed to explore, by means of several computational tools, the kinase
domain at the molecular level.

The study started by screening several databases to collect information about the tyro-
sine kinase domain. Sequences of the proteins were retrieved and investigated by multiple
sequence alignments to evaluate the amino acid conservation among the family mem-
bers. Then, experimentally solved structures were extensively searched into the protein
databank and collected. The KD-ligand complexes were compared to find the minimal re-

XI



quirements for a molecule to interact at the ATP-binding site. The defined ”ligand-core”
identifies the essential structural elements of a ligand binding to TKs. The ligand-core,
as presented in chapter 2, is the part of the ligand interacting with the catalytic domain
through one hydrogen bond and several hydrophobic contacts with residues whose side
chain character is conserved.

Later, the available crystallographic structures were compared to understand three-di-
mensional conservation as well as variations due to changes at the primary structure
level. A classification of KDs was attempted based on the disposition of five clusters
of residues observed in different KD states of kinases. In particular, 14 residues of the
clusters belonging to the hydrophobic core of the two lobes appeared to be crucial for
the structure conformation and dynamics. These are found at the interface between the
N- and C-lobes and the residue types and interactions, 2 polar and large hydrophobic
contacts, are conserved for the TK subfamilies. These results and further evaluations
of the ligand chemistry, conformations and interactions, and the pharmacology features:
induced fit versus conformational selection, are described in the third chapter.

The next chapter opens with the evaluation of molecular dynamics simulation as tool
to investigate the motion of the kinase domain. Several trajectories were calculated for
the non-productive and productive conformations of insulin receptor (Insr) to address the
issue of reproducibility of trajectories. The central body of the chapter is dedicated to
the exploration of a possible mechanism of the enzyme activation. Flt3 proteins bearing
internal tandem duplications (ITDs) at the juxtamembrane (JM) are implicated in some
hematopoietic malignancies because the sequence insertion leads to the constitutive acti-
vation of the kinase domain. FIlt3 motion was computed for the wild-type protein and
for several homology models containing ITDs. The hint of these first evaluations, a steric
hindrance of the JM acting on the C-helix, was later studied with F1t3 constructs where
parts of the juxtamembrane are removed. The freedom achieved by this helix has been
identified as the driving force for the N-lobe movements.

The interface residues identified in the third chapter are further investigated in the
fifth one. The dynamics of the Insr crystallographic structures of non-productive and pro-
ductive as well as the one of a third conformation has been investigated with particular
focus on the residues at the interface. While the conformation of the majority of these
residues appeared to be stable, a rearrangement of interactions for a triad of amino acids
at C-terminal position of the C-helix is appreciated as well as conformational changes of
the side chain of two residues, one from the hinge and the second from the loop C-terminal
to the C-helix.

While performing structure-based drug design in-silico, one of the main issues is the
selection of a proper candidate as protein structure to target. Often, the available exper-
imental structures are not sufficient to fulfill the need and homology modeling might be
used to predict the wanted protein conformation. This method basically works by the
identification of structurally conserved regions (SCRs) from a template structure to trans-
pose into the target sequence. The isolation of SCRs should be as accurate as possible to
generate a stable and predictive 3D-model. Here, beside the evaluation of Insr structures
as possible general templates for homology modeling of tyrosine kinases, those residues
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at the interface of lobes are suggested as SCRs.

Concluding, the finding of the ligand-core as common feature of TK complexes can
be successfully used as minimal pharmacophore to evaluate KD-ligand interactions espe-
cially in virtual screening protocols. Moreover, 14 residues were identified at the interface
between the two lobes of the KD and their dynamics has been evaluated for three different
conformations of Insr. Indeed, these 14 residues are good candidates among the possible
stretches of amino acids involved in the stabilization of differently populated conforma-
tions of the KD.

Finally, the activation mechanism for oncogenic and wild type Flt3 was investigated and
a major element driving the first step of such conformational change suggested.
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Chapter 1

Introduction

1.1 Prologue

1.1.1 The tree of life

Since the first scientists!, who classified organisms based on their macroscopic character-
istics, the living beings were depicted as subsequent steps of a common evolution. The
discovery of ancient fossils around the world permitted to date and to proof the existence
of animals’ ancestors in the Cambrian era?. Similarities between different species were
later inferred by the study of their primary components: the cells. Cell cycle, metabolism
and organization in organelles can be compared to find relationships between organisms.

With early hypotheses and recent experiments our understanding takes a glance on
how life on earth has evolved with incremental complexity and organization. The adapta-
tion to the changing environment is a common aspect for the living beings. To represent
the relation among species, a tree is usually depicted. This symbolic tree is composed
by the trunk, from where the phyla of organisms depart as branches, and knots where
the split of two lineages occurred. In the tree of life (examples in figure 1.1 on the
following page) unicellular prokaryote and superior animals share the same provenance
(http://www.tolweb.org).

The information about our morphological and physiological behavior is ”written” in
the genetic material (namely DNA), which is transmitted from parents to children, from
a generation to the next one, from an organism to the next one. The DNA, is composed
by building blocks (nucleotides) and is organized in genes which encode for different
proteins: the function effectors. So, how the diversity of species is achieved? Differences
are attributed to modifications of the genetic material, like mutations of nucleotides and
exchanges, losses and duplications of different gene portions, in order to adapt to the
changing habitat.

IThe first published idea on the matter is ”the theory of natural selection” of Charles Darwin (1809-
1882).
2Around 540 million years ago, when the explosion of animal diversity seems to have happened.
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Figure 1.1: First attempts of tree of life drawings (taken from public domains:
www.amnh.org and www.wikipedia.org)

1.1.2 Phylogenetic studies

In the past few decades, the new knowledges and experimental techniques (i.e. PCR,
molecular cloning and sequencing) allowed the phylogenetic analysis at the molecular
level. Nowadays, genes are often found as material of many studies because virtually
every genes can be cloned, sequenced, expressed and tested. Furthermore, genes can be
compared by aligning their nucleotide sequences for matching positions. With the ac-
quisition of genomes (the collection of genes) from different species and the increasing
computational power, more sharp border lines between different stages of life’s evolution
can be drawn by sequence alignments of genes encoding for proteins having the same
function in different beings.

These approaches are promising but hide many potential pitfalls such as: i) materials
selection, ii) employed methods and iii) results interpretation. The choice of the gene to
be aligned is important because natural selection can favor one family over another based
on their roles and functions, resulting in different pattern and rate of development [1,2].
In addition, the used materials can differ for type, nucleotide sequences rather than amino
acid sequences of the related proteins, or source, like different databases. One has to be
aware of the interdependency that exists between method used, results and interpretation.
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1.1.3 Evolution and genes

Due to the continuously upcoming discoveries about new species and their relationships,
the tree of life has been redrawn many times in the past and is likely to be in the future.
Nowadays, the well accepted division of living beings groups three main kingdoms: eu-
bacteria, archaeabacteria and eukaryotes. Cells of archaeabacteria and eubacteria possess
similar morphology but differ in their metabolic pathways displaying different biochem-
istry. Eukaryotes, differ from the other two reigns for the presence of nuclei and certain
organelles, like mithocondria. However, the remarkable feature about the eukaryotes, to
whom we belong, is the appearance of multicellularity which later developed in tissue-
organized organisms [3].

Although, the large family of eukaryotes has many lineages (figure 1.2 on the next page),
our attention is drawn by the macroscopic living beings that widely populate our planet:
plants and animals. Thus, many efforts have been spent to investigate the genetic code
of these branches which are linked by unicellular common ancestors [2, 5, 6].

Many steps forward have been made by the full genome sequencing of some organisms.
In the year 1996 the genome of an yeast Saccharomyces cerevisiae [7] was first published,
followed by the genomes of a worm Caenorhabditis elegans (1998) [8], a plant Arabidopsis
thaliana (1998) 19, 10], a fly Drosophila melanogaster (2000) [11] and the human one,
Homo sapiens (2001) [12]; later on, many other genomes from different species have been
acquired (an up-to-date collection can be be found at ”genomic standard consortium”,
darwin.nox.ac.uk/gsc/gcat).

The development of animals from unicellular ancestors, have been investigated by com-
parison of genes thought to be main players in their evolution [2,6,13-15]. The studied
gene families appear to have the major diversification components in two bursts of gene
duplications: the first before the parazoan-eumetazoan split, which produced the main
subfamilies with different functions, and the second during the early evolution of ver-
tebrate, which caused the enlargement of the subfamilies with new members and tissue-
specific expression patterns (in figure 1.2 on the following page both occurs in the animals
branch, in violet).

1.1.4 When did tyrosine kinase appear in evolution?

One of the frequently used pools of genes for phylogenetic studies in the animal kingdom
is the Protein Tyrosine Kinase family (PTK or TK) [5,16]. In fact, the proteins translated
from these genes have been broadly recognized as implicated in cell signaling, cell-to-cell
communications and metabolism [17]. Elements of the family have been widely isolated
from multicellular organisms in the eumetazoan reign and only recently the family has
been discovered outside of this phyla [6,18,19].

At this point a specification is needed. The PTKs can be subdivided in 2 groups:
Receptor Tyrosine Kinases (RTKs) and non-Receptor Tyrosine Kinases (nRTKs). The
two groups are likely to be subsequent stages of the family evolution. First appeared
nRTKs and later, by domain shuffling events, the cytoplasmic PTKs could have acquired
transmembrane and extracellular domains, as suggested by King and Caroll [19]. Thus,
these two groups of genes most likely appeared in the evolution at different time points,
first the cytoplasmic elements and later the receptors.
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Figure 1.2: Representation of the tree of the eukaryotes kingdom, adapted from []]

Despite the evidence of protein tyrosine kinase activity in yeasts [20], which is proba-
bly due to kinases with dual specificity? [21], different groups have unsuccessfully screened
the yeast genome seeking for PTKs genes [22-24], suggesting the absence of this family
in the early eukaryotic organisms.

In the phyla of plants, tyrosine phosphorylation events have been also recorded. In cells
of Arabidopsis thaliana, proteins phosphorylated on tyrosines were immunodetected [25].
This signal could be down regulated by the previous addition of a PTK inhibitor. An-
other interesting study associated the bending of the petioles of Mimosa pudica with a
decreased amount of the phosphorylated tyrosines of Actin, a protein of the cytoskele-
ton [26]. The effect was antagonized by the addition of a inhibitor of Protein Tyrosine
Phosphatases (PTPs). Although no tyrosine kinases could yet be isolated from plants
and characterized, recently this year, their presence in vegetal species was predicted [27].
Nevertheless the authors revealed also that some of them lack the catalytic residues which
characterize the family [27]. Thus, a clear picture about PTKs implants could not yet be
drawn. Moreover, the authors of this study also predict the presence of 7 putative TKs
in the human intestinal parasite Entamoeba histolytica [27].

While there is a report of nRTKs isolated from a slime mold Dictyostelium dis-
coideum [18] which showed later tyrosine kinase activity [28], the concomitant isolation

3Protein kinases which target tyrosine as well as serine and threonine residues of a protein substrate.
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of nRTKs and RTKs succeeded only for metazoan organisms. Genes encoding for PTKs
were identified in sponges which are multicellular beings close in evolution to eumeta-
zoa [14,16]. Their multicellular character is revealed, at molecular level, by the presence
of Collagen, a protein of the extracellular matrix (ECM), and other adhesion molecules [3].
A more intriguing discovery is the finding of members of tyrosine kinases in choanoflagel-
lates, which are single-cell organisms of aquatic environments [19,29,30]. These organisms
can spontaneously form organized colonies [31], showing intercellular joined ultrastruc-
tures [32]. Cells of choanoflagellates cultivated and tested in-vitro have a certain prolif-
eration rate in the presence of nutrients that is significantly reduced when treated with
PTKs inhibitors [29].

Segawa et al. compared the activity and regulation of Src-related tyrosine kinases
from a sponge and a choanoflagellate [30]. In animals, Src is a cytosolic protein kinase
involved in the mediation of a large variety of signals in cells. Src is down-regulated
by another PTK: Csk. Although both are present in the two eukaryotes, the negative
control appears unstable [30]. The relief of inhibitory mechanisms of Src results in the
attenuation of cell-cell interaction [33,34]. Furthermore, the activity of Csk is higher for
the sponge, the first full-time multicellular organism, than for the choanoflagellate, which
can be occasionally organized in colonies [30]. Taken together, these findings suggest a
central role of tyrosine kinases in the establishment of multicellular communications.

In conclusion, tyrosine phosphorylation has been demonstrated to be an important
component of the cell signaling in many stages of the evolution with the detection of its
activity even outside of the eukaryotic reign [20,35]. Although attempts for isolation and
characterization of TKs in early species of eukaryotes and outside the phyla are needed, a
rough picture about their genes evolution can be drawn. These molecular devices might
have appeared before choanoflagellates but their tight control and stability are acquired in
later stages. In addition, the appearance of tyrosine kinase receptors could be correlated
with the acquisition of multicellularity in animals.

1.2 Protein Kinases

Cells respond to external and internal stimuli varying the expression pattern of proteins
that lead to a morphological and biochemical change. The term ”cell-signaling” is the
synthesis of the mechanisms occurring when a stimulus is transduced and transmitted
throughout the cell. Protein phosphorylation has been recognized as one of the main
player in cell-signaling in eukaryotes with PKs working in a concerted fashion passing the
message from one to another in kinase cascades [36]. This behavior is figured out like
an electric circuit, with PKs as transistors forwarding the signal from device to device,
allowing amplification, feed-back, cross-talk and branching events, till the final target
eventually arises the response [37].

These proteins are enzymes that catalyze the phosphoryl-transfer to a peptidic sub-
strate. The reaction is antagonized by the hydrolysis of the phosphate, shutting down
the signal flux, by another family of enzymes: the protein phosphatases (PPs). Cells
have evolved both families in order to properly control the phosphorylation state of pro-
teins [36]. Despite their role in cell-signaling, knowledge about protein phosphatases is
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not as deep as for the counterpart.

In human, approximately 1.7% of the total number of genes is devoted to express
PKs [38], representing one of the largest family. These proteins regulate the elemen-
tary cell functions participating in metabolism, development, differentiation, movement
and apoptosis. In addition, kinases are a major problem when their activity is out of
the normal cell control. Deregulation of these enzymes has been largely correlated with
pathological states as tumor, diabetes and many others [39).

1.2.1 Protein kinases by dates

Starting from more than half a century ago a large portion of the scientific literature has
been devoted to protein kinases, and although many studies surely deserved to be cited,
the complete review is not the purpose of this chapter. Thus, to have a taste of the
thousands efforts, here, just an overview of the achieved milestones is given.

The first protein phosphorylation reaction catalyzed by an enzyme was published in
the 1954 by Burnett and Kennedy [40]. The authors, revealed the presence of a protein
in the rat liver mithocondria which selectively transferred radioactive phosphate of ATP
to Casein protein. Soon after, the phosphorylase b kinase (cyclic AMP-dependent kinase,
Pka) was extracted from rabbit muscle and characterized for pH, Ca™ and ATP depen-
dencies by Krebs et al., [41,42]. In 1979, the regulation of protein activity by reversible
phosphorylation with a kinase and a phosphatase was shown [43]. In the same year, the
physiological role of the auto-phosphorylation was suggested when two phosphorylation
sites were identified on the catalytic subunit of cAMP-dependent kinase by high voltage
electrophoresis [44]. Later, peptides competing with the substrate binding to a calmod-
ulin dependent kinase were chemically synthetized [45]. Undoubtedly, a big step forward
was taken with the publication of the protocol for protein kinase expression in a host or-
ganism, yielding high product amount [46]. Thus, Pka was the first recombinant protein
kinase expressed in Escherichia coli, purified and later characterized.

Till the year 1979 protein phosphorylation was demonstrated only toward serine and thre-
onine residues but then, enzymatic activity directed to phosphorylated tyrosine residues
was detected in polyomavirus [47], Rous sarcoma virus [48] and Abelson leukaemia virus
[49]. The transforming activity of these viruses was soon associated with cellular homo-
logue components regulating cell growth [50].

The two main families of protein kinases were discovered and, in the following years,
many works focused on the isolation of protein kinases in different organisms. Elements
of the protein superfamily were identified, investigated and classified in families based on
sequence characteristics [51,52].

In the year 1991, the first notion of the three-dimensional atomic disposition of the
catalytic core of a protein kinase in apo-form and in complex with substrate was ac-
quired by solving the structure of cAMP-dependent kinase by means of X-ray crystallog-
raphy [53,54].

Other protein portions of the protein kinases have been later recognized as implicated in
the signal propagation with a modular fashion [55]. With the publication ”The protein
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kinase complement of the human genome” [38], the human ”kinome” % have been finally
defined in numbers and constitution.

1.2.2 Classification of protein kinases

The current index of protein kinases is based on the similarity of the amino acid sequence
of their catalytic domain, the kinase domain (KD). The early identified sequence features
to sort out protein kinases [52] are still widely used for classification purposes. Recently,
based on hidden Markov models (HMMs), genomes have been screened to update the
kinome classification [27,38].

In human, the first division is in two groups: the ”conventional” eukaryotic protein kinases
(PKs), with 478 members, and the "atypical” protein kinases (aPKs), with 40 members.
The aPKs are proteins reported to have biochemical kinase activity [38]. Despite the very
low sequence similarity in the catalytic domain (even below 10%) some, namely alpha
and RIO families, have structural similarities to the eukaryotic protein kinases [56-58|
(see figure 1.4 on page 12).

The PK superfamily is subdivided in 9 groups:

1. the AGC family includes the cAMP-dependent protein kinases (Pka), protein
kinase G and protein kinase C and is composed by 63 members;

2. the CAMK family includes the Ca™*/Calmodulin-dependent kinases and has 74
members;

3. the CK1 family includes the casein kinase 1, related kinases and is formed by 12
members;

4. the CMGC family includes the cyclin-dependent kinases, mitogen-activated ki-
nases, Cdk-like kinases, glycogen synthase kinase and is composed by 61 members;

5. the RGC family includes receptor guanylate cyclase kinases and has 5 members;
6. the STE family includes Ste20 kinases and is formed by 47 members;

7. the TK family includes tyrosine kinases and is composed by 90 members;

8. the TKL family includes tyrosine kinase-like kinases and has 43 members;

9. Others are kinases which do not belong to the previous families and are 83.

This classification has recently been slightly modified by a study where a multi-
level HMM library of protein kinases has been developed and applied to 21 eukaryotic
genomes [27]. The authors were able to reclassify the ”others” group of PKs into the 8
known PKs families and redefine the whole set of PK groups as: 84 ACGs, 98 CAMKSs,
12 CKl1s, 70 CMGCs, 5 RCGs, 61 STEs, 93 TKs and 55 TKLs [27].

4The whole ensemble of the genes transducing for kinases, in a certain species
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1.3 Kinase Domain

1.3.1 The sequence

The common element of protein kinases, the catalytic domain, is composed by a number
of amino acids ranging from 250 to 300. The amino acidic sequence of kinase domains
shares certain similarities in different positions. The conserved characteristics which define
kinases as homologues can be extrapolated from the multiple sequence alignment of the
primary structures of diverse PKs (figure 1.3.1 on the facing page). Historically, the
definition of these common features developed till the depiction of 12 subdomains (roman
numbers in figure 1.3.1 on the next page) [51,59]. Reasons of the conservation were
revealed when the three-dimensional structure of the catalytic domain became available
(figure 1.6 on page 14). The rational is that an identical or similar residue, at certain
position in the sequence and structure possesses the same function:
- Flexibility. Subdomain I, with the consensus GxGxaG® (where ”"x” can be any
residue and ”a” a hydrophobic one) folding in the loop between the first two strands.

- Secondary structure maintenance. Subdomains IV, V|, XII and X, have a structural
role. The latter possesses a nearly invariant aspartate that fixes the position of
residues at subdomain VII.

- Substrate binding. Subdomain VII, with the consensus HRDLKxxN for protein
serine/threonine kinases and HRDLAARN or in alternative HRDLRAAN ( in the
case of Src subfamily) for protein tyrosine kinase is the stretch where the two groups
of kinases can be differentiated.

- Catalytic involvement and cofactor binding. Subdomain II contains the consensus
VAVK, with alanine interacting via van der Waals contact with the adenine moiety of
ATP and lysine interacting with the phosphate. Subdomain VIII with the consensus
DFGL, where the aspartate binds the counter-ion of ATP. Subdomain V is the so-
called hinge region with a residue forming a hydrogen bond to the adenine moiety
via the backbone.

- Catalytic residue positioning. Subdomain III with a nearly conserved glutamate
residue which helps the positioning of lysine of subdomain II.

- Substrate recognition. Subdomain IX.

1.3.2 The structure

The three-dimensional disposition of the atoms of the kinase domain was revealed in 1991
with the structures of cAMP-dependent kinase [53,54]. Later on, the collection of solved
crystal structure of PKs has grown so large that it becomes difficult today to keep track

SFrom the multiple sequence alignment including the RGC kinase sequence (not found any report
in the literature) this sequence is elongated by one residue, GxGxxxG. The other four members of this
family does not appear to have this consensus when aligned (data not show).
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Figure 1.3: Multiple sequence alignment of eukaryotic PKs coupled with structural alignment. The sequence of Anpa (RGC kinase
whose structure is yet unknown) was implemented by means of the program CLUSTALX [60] in the structural alignment of the
representative of the other seven families previously produced with BODIL [61]. The alignment was rendered with TpXEgdEe [62].
Names and Numbers concerning each protein sequence are shown on the left. From the top in the first line the label of the secondary
structures (drawn in symbols in the second line) referred to the Insr. In the third line, the protein portions (P-loop, C-heliz, hinge,
C-loop and A-loop) referred to the figure 1.6 on page 14 are depicted. Below the sequences, the main consensus adapted from [52] with
highly (capital letters) and well (small letters) conserved residues is shown. At the bottom the twelve subdomain according to [52] are
listed. Residues at position where a major character is conserved are color coded for polar (light brown) apolar (violet) and small side
chain, namely alanine, glycine, threonine an serine (orchid). All sequences were taken from EXPASY database under the entries are
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of the complete set.

The comparison of KD from different kinase families is intriguing (figure 1.4 on the next

page); the conservations of the folding and the secondary structures are greater compared
to the primary structure (in some cases below 20% of identity). The structural similarity
with the "atypical” kinase © of the alpha family (figure 1.4h on the following page) is
astonishing. The correspondence of some structural elements (mainly in the N-lobe and
a helix in the C-lobe) led scientists to hypothesize a common protein ancestor [58,63].
It is very likely that the high sequence variability among kinases, achieved throughout
their evolution, characterizes the protein behaviors (like substrate recognition, inhibition
and dynamics) in order to differentiate the same chemical mechanism for a large variety
of functions in cell physiology.

The primary structure of catalytic domain folds in an independent macromolecule of
about 30 Kilo Dalton, which is a soluble protein found in the cytoplasmatic environ-
ment. According to the knowledge about the catalytic domain, the primary biophysi-
cal /biochemical functionalities are:

1. binding and orientation of the complex formed by cofactor and counter-ion/s. Mainly
ATP but also GTP, with phosphate groups coordinated by one or two divalent
cations such as Mgt or Mn™™;

2. binding and orientation of the peptide substrate;

3. transfer of the y-phosphate of the cofactor to a side chain hydroxyl group of a residue
(either serine or threonine or tyrosine) in the substrate.

The classic three-dimensional arrangement of this domain, depicted in figure 1.5 on
page 13, is bilobate. The two substructures are called N-lobe and C-lobe, and connected
through a segment: the hinge region.

N-lobe

The amino-terminal part of the domain forms the N-lobe, which is smaller then the C-
lobe. It includes a main (-sheet core, composed by 5 antiparallel strands, and a a-helix
(al) (subdomain III see figure 1.3.1 on page 9 and figure 1.5 on page 13 ), called C-helix
spanning between [-strands 3 and 4. The amino acid stretch between the C-helix and the
fourth strand folds in a loop which largely interacts with the C-lobe. The loop in between
the first two (-strands (51 and (32), corresponding to subdomain I (see section 1.3.1 on
page 8), interacts with the cofactor (figure 1.7 on page 16). This element is highly flexible
because of the presence of glycines and can adapt against the o and [ phosphates of
the cofactor. The alternative names of this flexible element are the Gly-rich loop, P-loop
or nucleotide-binding loop. The critical role of this loop appeared to be the cofactor ~-
phosphate localization via polar interaction with the backbone amide of the residue after
the second glycine in the consensus [65].

The third strand (43) contains the second subdomain with a well conserved alanine, that

6Because of the topic of the thesis, the aPKs will be no longer discussed.
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(¢) TK family (h) Atypical-alfa family

Figure 1.4: Cartoons of representative 3D-structures of the PK families. Secondary struc-
ture is represented and colored red (helices), yellow (strands) and green (coils). The

three-dimensional coordinates, PDB codes in order of appearance: 2CPK, 2BDW, 1CSN,
1B38, 2HYS, 1IAS, 1IR3 and 11A9, were rendered with PYMOL [6/].
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Figure 1.5: Three-dimensional arrangement of the catalytic domain of TKs. The sec-
ondary structures elements of the crystallographic structure of Insr (PDB code: 1IRK)
are rendered with cartoon representation and colored: yellow for strands, green for coils
and red for helices. Atomic coordinates were drawn with the program PYMOL [6).
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(a) Inactive conformation of the KD of the Insulin Re-
ceptor Kinase

(b) Active conformation of the KD of the Insulin Recep-
tor Kinase

Figure 1.6: Cartoons’ representations of crystallographic structures of the inactive state
(PDB code: 1IRK) and the active (PDB code: 1IR3) of the Insulin Receptor (a,b). The
secondary structure of the protein is in grey with Gly-rich loop (cyan), C-heliz (marine
blue), hinge region (yellow), catalytic loop ( C-loop, in red) and activation loop ( A-loop
in green). Atomic coordinates rendered with the program PYMOL [64].



1.3 Kinase Domain 15

interacts with the ring system of the adenine of the ligand, and the conserved lysine
coordinating the phosphates. The last two [-strands (54 and (5) of this lobe are mainly
hydrophobic.

C-lobe

The biggest of the two protein substructures has a helical core composed by six conserved
a-helices (figure 1.5 on page 13). From the C-terminus of a3 to the first S-strand (56)
there is a loop which is involved in the reaction catalysis (the catalytic loop or C-loop;
in red in figure 1.6 on the preceding page). This sequence forms the seventh subdomain
(see figure 1.3.1 on page 9) whose residues are involved in the substrate binding and in
the phosphorylation reaction. The loop is anchored to the C-lobe core via conserved in-
teraction with an aspartate from the third a-helix (a3).

The two subsequent short strands (56 and (37; three amino acids each one) are forming
the 3-sheet facing the small lobe. Amino acids of these elements are interacting with the
cofactor.

From the latter strand a loop is emerging; this is a long loop (with variable size for
the superfamily proteins), called activation loop or T-loop or A-loop. This element usu-
ally contains one residue which can mimic the substrate (auto-inhibitory role) and when
phosphorylated fully activates the enzyme. The main characteristic of this loop is its
own mobility: "It is a multipurpose structural element with highly variable structural
behavior” [66]. In fact, it can fluctuates among several conformations interfering with the
binding of either ATP and/or the substrate. The conformation of this element can be
stabilized, upon phosphorylation or not, in a open position as depicted in figure 1.6a or
in a close conformation (figure 1.6b on the preceding page). The residues at the A-loop
carboxy-terminal are involved in substrate recognition and binding. The activation loop
sequence (see figure 1.3.1 on page 9) starts and ends with two quite conserved sequences:
the DFG motif (subdomain VIII) and the APE motif (subdomain IX), respectively.

The DFG motif takes part to the chemical reaction through its aspartate and can interfere
with the ATP binding depending on the adopted conformation:

Asp-out The aspartic residue points out of the reaction center, while the phenylalanine
is in hydrophobic contact with residues at the ATP binding site (see figure 1.7a on
the next page). This orientation has been depicted in several but not all PKs.

Asp-in The aspartate is pointing in the reaction center, ready to interact with the Mag-
nesium coordinating  and v-phosphate groups of the cofactor (figure 1.7 on the
following page). The phenylalanine packs between the N-lobe residues, from the
C-helix, the 4" strand, the loop in between, and the third strand, and the C-lobe
with residues from the catalytic loop and the third helix (see figure 1.7b on the next

page).

The rest of the protein is mainly a-helical until the carboxy-terminus. It comprises the
last three subdomains (see section 1.3.1 on page 8) whose function is mainly structural
taking part of the hydrophobic core of the C-lobe.
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(b) DFG with Asp-in conformation (representation of the PDB: 1IR3)
Figure 1.7: Conformational change of the DFG-motif of the insulin receptor. The sec-
ondary structure of the KD is in grey; the residues involved in catalysis and ligand-binding,
and the ligand are shown in sticks representations with the atoms colored nitrogen (blue),
ozxygen (red), sulfur (yellow), magnesium (pale green) and carbon (cyan N-lobe residues,
green C-lobe residues, magenta DFG-motif residues and gray AMP-PNP and labeled in

(a)). Characteristic elements are labeled in (b). Atomic coordinates rendered with the
program PYMOL [64]



1.3 Kinase Domain 17

Protein states

Concerning the reaction catalysis, from a biochemical point of view, kinases can be de-
tected in two different states, either productive, when the protein is able to bind both
substrate and cofactor and complete the reaction of transfer, or non-productive, with the
protein auto-inhibited not fully prone for catalysis. While, the productive state can be
identified with a well defined structure, the non-productive one cannot. In fact, the latter
state can be an ensemble of conformations.

Anyway, two protein conformations are defined: the active and inactive one, representing
the two borders of the conformational range where the KD structure can be found. Based
on the insulin receptor tyrosine kinase KD, whose two states could be photographed by
means of X-rays [67,68], the two forms are depicted (see figure 1.6 on page 14). Actually,
it is not always the case because different KDs appear to have different motions as sug-
gested by different inactive states and kinetics of catalysis [69, 70].

To make things even more complex, there are other domains and subdomains in the same
or different polypeptide chain which can regulate the enzyme activity. Enhancements are
seen in the case of Cdk [71] and Egfr [72] where the intervention of a partner is required
in order to be fully productive. On the other hand, decrements are achieved in the case
of Insr and Pdgfr subfamily members by trapping the kinase in the inhibited form [67,73]
(see subsection 1.3.5 on page 26).

Ligand binding

As stated previously, the kinase domain’s main functions are the binding and orientation
of the reagents for the phosphoryl-transfer reaction. The subsequent description of the
bindings is based on the insulin receptor crystallographic structure deposited with the
PDB code 11R3.

The protein is in complex with a short substrate and a ligand, AMP-PNP, which has
an oxygen replaced by a nitrogen atom compared to ATP and is supposed to interact in
a similar manner as the cofactor [68]. In the active state, the kinase domain binds the
cofactor at the cleft, called ATP-binding site, at the interface of the two lobes as depicted
in figure 1.8 on page 19. Based on the mode of interaction, the complex protein-ligand can
be subdivided in two regions: the first with many van der Waals contacts (figure 1.8b on
page 19) and a second one, where mainly polar bonds are found (figure 1.8¢c on page 19).
The adenine ring system is hydrophobically sandwiched by several residues of the two
[-sheets (see figure 1.8b on page 19) and forms two hydrogen bonds (H-bond) to the
hinge region. One H-bond with the carbonyl group of Glul104 and the second with
the nitrogen atom of Met1106 of insulin receptor as reference structure (figure 1.8b on
page 19). The rest of the ATP molecule, namely the sugar moiety and phosphate groups,
interacts mainly with polar residues (figure 1.8c on page 19). Aspl1110 forms H-bonds
with the 3" and 2" -OH groups of the ribose. The negative charges of the three phosphate
groups is counter-balanced usually by the Lys1057 in Insr, the conserved lysine of the
second subdomain (figure 1.8c on page 19), and by two magnesium ions, which are likely
to be coordinated by the ligand before entering the binding site. The two ions are further
chelated by water molecules and two conserved protein residues: aspartate of the DFG-
motif and the asparagine of the VII subdomain, at positions 1177 and 1164, respectively,
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in insulin receptor (in figure 1.3.1).

Concerning the ATP-binding site, Vulpetti and Bosotti carried out a comparison of some
KD structures together with a multiple sequence alignment of all protein kinases [74].
The authors defined the pocket by a cluster of 38 residues, around the bound molecule,
as well as their conservation and variability throughout the superfamily.

With a smaller dataset, comprising only tyrosine kinases, we have described a main core
for ligands and five protein residues interacting with it as the minimal requirements for
binding at this pocket [75].

The large number of protein kinases in mammals (more than 500 in humans) and the
amount of cellular functions concerted by these enzymes, tell us that the specificity of the
reaction target is required to control their activity among a myriad of possible substrates.
Kinase domains present different specificity toward the sequence substrate to bind and
phosphorylate. The substrate, which can range from a small peptide to a large protein,
interacts with the protein at the surface of the C-lobe in correspondence of the C-terminus
of the A-loop (see figure 1.8 on the facing page). In fact, the A-loop plays a crucial role
for substrate recognition and for creating the environment for the catalytic residues [76].
Substrate specificity is achieved in two steps. The first is related to the residue whose
side chain hydroxyl group is going to be phosphorylated. This amino acid, conventionally
identified at the PO position of the substrate, can be either serine or threonine, phosphory-
lated by protein serine/threonine, or tyrosine, involving protein tyrosine kinases instead.
The secondary recognition for substrate’s selection is based on the neighborhoods of PO.
Residues found at its N-terminal are called P-1, P-2 etc. and those at the C-terminal
called P+1, P+2, etc. (figure 1.8a on the next page). The determinants for PO speci-
ficity lie mainly in the catalytic loop, as reported in section 1.3.1 on page 8. Furthermore
other positions can be selected via physical/chemical complementarity for residues at the
protein surface. Another important interaction can be due to the formation of a short
stretch of antiparallel (3-sheet between residues from P+1 to P43 and a portion of the
A-loop [67].

1.3.3 The dynamics

The complete conformational energy landscape of the kinase domain, will probably look
tremendously complicated, with energy hills and holes, and different from one kinase to
another. This protein folding appears to be highly flexible visiting many conformations
and, the thermodynamic equilibria can be perturbed toward fewer possibilities by sev-
eral physiological or pathological mechanisms. Residues phosphorylation, ligand binding,
protein-protein interactions as well as residue or sequence mutations are likely to affect
the general stability of the catalytic domain.

Thus, one of the major problems studying kinase domains, as well as other proteins,
is the description of their dynamical behavior at the molecular level. Unfortunately, an
experimental technique that can provide a fully detailed molecular analysis of the time
evolution of these proteins is not yet available and a combination of indirect evidences have
to be used instead. Many experimental techniques are there and can provide different dy-
namic aspects. Depending on the lifetime of the event to be traced, different spectroscopic
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(b) AMP-PNP binding, detail of adenine region
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substrate region

Figure 1.8: Binding mode of AMP-PNP and substrate to insulin receptor. The secondary
structure of the KD is represented as cartoon colored in gray. Atoms of ligands (AMP-
PNP and peptidic substrate) as well as some residues of the ATP- and peptide-binding
sites are in sticks representation and labeled. Magnesium ions are shown as spheres.
The atoms are colored coded: blue (nitrogen), red (oxygen), yellow (sulfur), pale green
(magnesium) and green, magenta, and gray (substrate, AMP-PNP and protein residues,
respectively). Two hydrogen bonds of the adenine with the hinge region are depicted as
dashed lines. For the substrate PO is the position for the residue to be phosphorylated, in
respect to this position P+n or P-n are residues C-terminal and N-terminal, respectively.
Atomic coordinates (PDB code: 1IR3) rendered with the program PYMOL [64].
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methods can be used, for example CD, anisotropy resonance and mass spectrometry (for
review [65]). The size of the protein and its variation can be followed by small-angle
scattering. NMR is the only approach whose results are the explicit dynamics of proteins
but so far it is still affected by the protein size problem and KD is beyond the limit of such
investigation. Historically, dynamics of this domain have been deduced by comparison of
different states of the protein solved by X-ray crystallography. This largely used method
to investigate protein structure allows to look at the atomic disposition resulting in the
Cartesian coordinates, but can be applied only when an energetic minimum is available
in crystal form. Thus, it is clear that the "breath” of the proteins in solution cannot be
considered.

The comparison of the active and inactive conformations reveals an enzyme activa-
tion accompanied by conformational changes of certain substructures (see figure 1.6 on
page 14). The major movements are appreciated for three protein elements: C-helix, P-
loop and A-loop, and the change of one toward the other two is clearly coupled [77]. The
A-loop, undergoes structural change from a close conformation (figure 1.6a on page 14),
when it interacts with the mouth of the protein, to an open conformation (figure 1.6b on
page 14), folding on the side of the C-lobe. The variation of A-loop has two effects: one is
to make the reaction center accessible to the reagents and the second is the formation of
the platform for the substrate. At the N-terminus of the A-loop, the DFG motif switches
from Asp-out to Asp-in (described in section 1.3.2 on page 8).

The nucleotide-binding loop has been described as a flap that changes conformation to
gate and bind the cofactor at the reaction center. A taste of the dynamics of this element
can be obtained by the comparison of crystallographic structures of Pka, reviewed by
Taylor and coworkers [78].

The C-helix moves in order to bring its conserved aspartate (see section 1.3.1 on page 8)
to the right distance for coordinating the catalytic lysine from the 3"¢ 3-strand, which
is then correctly oriented to bind the a and [F-phosphates of the ATP. The conforma-
tional change of this element is defined by two limit conformations, the ”swung-in” of the
active state when is in the right position for catalysis (see figure 1.6a on page 14) and
the ”swung-out” conformation reached with a combination of movements and rotations,
around its main axis, out of the protein core (see figure 1.6b on page 14) [69].

The rest of the secondary structure elements is moving in a concerted way with the
hydrophobic core of each lobe. The general protein conformation is affected by subtle
structural changes concerning the relative orientation and rotation of the two lobes. Two
protein regions act as hinges, the loop between the C-helix and the 4" strand and the
hinge segment. The movements of the two subdomains are independent for inactive forms,
become coupled to a certain extent when the activation occurs and more when ligand at
the ATP-binding site is present [65]. ATP is like a glue for the two lobes; in the active
form, the majority of the interactions between the two lobes are mediated by the cofactor.
These movements of the KD are likely to be important components of the protein kinetics.
First, this structural breath allows a higher accessibility to the ATP-binding site favoring
the cofactor intake. Second, being the distribution of the catalytic residues on both
lobes, their positioning for reaction catalysis can be fine tuned. Last but not least, the
presence of such structural vibrations are likely to affect the turnover number assisting
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the expulsion of the products.

In-silico

Out of the wet-lab, the in-silico methodologies to investigate protein movements are
several, for example there are stochastic approaches, like Montecarlo, and deterministic
ones, such as molecular dynamics (MD) simulation. In general, the protein is described
by atomic coordinates and charges, then several cycles of computation are run and the
obtained trajectory represents possible states of the evolution of the system. These are
highly fascinating techniques, but the price to pay for their applications is the reliability
of the results, being aware of the several intrinsic limits, namely the poor treatment of
atoms and bonds, and in the case of MD the disfavored ratio between calculated time and
the time needed for the simulation.

Many reports of molecular dynamics regarding to the kinase domain can be found in
the scientific literature. Here some of these studies are presented as well as their achieve-
ment on the dynamical behavior of KDs.

One of the first paper on the field described the MD simulation of cAMP-dependent kinase
for 600 picoseconds (ps) [79]. The authors monitored the radius of gyration, flexibility,
hydrogen-bond networking and the correlated motions of the protein during the calcu-
lated period of time. The results revealed that the large and small lobe acting as rigid
bodies and conformational changes at the hinge region concern a group of amino acids
instead of a single one.

In the year 2001, two studies with longer simulations were published. In the first, a ho-
mology model of cyclin-dependent kinase 1 (Cdc2 or Cdk1) was generated and parameters
of active site atoms optimized for a 1 nanosecond (ns) long simulation [80]. The second is
a 4 ns study of the dynamic coupling between the Src tyrosine kinase and its regulatory
domains, SH2 and SH3 [81]. The authors, investigated the inhibition of the two regula-
tory domains hindering the motions of the KD of Src and Hck protein tyrosine kinases.
They showed that SH2 and SH3 when in complex with KD act as a unity and suggested
a main role in dynamics for the linker connecting these domains. The same dynamic
behavior was assessed with an identical protocol in another non-receptor tyrosine kinase,
Abl, carrying the 2 regulatory domains [82].

An atomistic view of the ADP released from Pka was proposed with pulling experiments
during MD by Lu and coworkers [83]. With the applications of external forces to a certain
cluster of atoms, the authors traced a possible way of ADP escape.

In a well described application of computational analysis, a comparison of Cdk2 thermal
motions extracted from different sources is presented [84]. Ensembles of KD conforma-
tions were, generated by means of two computational approaches (one of which is MD) and
taken from X-ray solved structures. The mapping of the inactive-active state transaction
with virtual phosphorylation of a threonine in the A-loop was unsuccessfully attempted.
In this paper the authors suggested that coulomb interactions can be overestimated in
crystal structure in respect to MD simulations because of the crystallization conditions
which might not fully correspond to the solution environment. In contrast, MD is sup-
posed to better agree with the reality of this physical aspect because of the competitive
thermal motions disruptions. To address the issue, simulations of virtual mutations of
the three arginines stabilizing the negative charge of the phosphorylated threonine (in the
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A-loop) were performed. The component interaction of one arginine is the major, while
a second is described as the failsafe mechanism when the previous is weakened and the
last residue seemed to make little contribution for the stabilization. This suggestion was
partially confirmed with the degree of conservation of the three arginines through the
kinome which might be linked with the importance of the residue function [84].

Another study on the transition between inactive and active conformations and the re-
verse reaction was carried out with a special flavor of MD [85]. Here, Lyn tyrosine kinase
has been investigated with Biased Molecular Dynamics where a biased potential is ap-
plied to the molecular mechanics calculation to force part of the protein to predestined
pathway. The outcome demonstrated that in the KD a special network of electrostatic
interactions switches to an alternative pattern undergoing activation and this is proposed
as the mechanism driving the conformational change. The six residues involved in this
networking” are shown to be well conserved in PKs and part of secondary structure el-
ements supposed to play major roles in KD activation: 3" helix, A-loop, C-helix and
catalytic loop [85].

1.3.4 The catalysis

The putative reaction catalyzed by these enzymes is depicted in figure 1.9 on the fac-
ing page. This picture of the phosphotransfer does not come from any time-resolved
experiment, instead it has to be considered more like a tool for helping the reader’s un-
derstanding. Although, all hydrogen atoms are missing and the view is restricted to few
reaction players the picture describes the primary function of the kinase domain. From
this picture it becomes clear why the right positioning and orientation of the two reagents
is so important. The proximity of these two entities permits the breakage of the bond be-
tween the oxygen of the S-phosphate and the phosphorus of the v one (figure 1.9a on the
next page), the orbital configuration inversion of the latter (in figure 1.9b) and eventually
the formation of the new bond with the oxygen of the hydroxyl group of the substrate
(in figure 1.9¢). The transfer turnover was extrapolated to be equal to 500 sec™! for Pka
underlining the efficacy of this catalytic system [87].

Despite members of the PK superfamily catalyze the same reaction, a broad variety of
kinetics differences exists and characterizes different kinases. When kinetics experiments
are run with the Pka in solution with ATP, small peptides and Magnesium, a cycle of
the reaction for this protein is yielded in millisecond timescale (turnover number = 45
sec™! [87]). The difference between the transfer rate and the catalytic turnover can be
attributed to the "environment effect”, in other words, influenced by the surrounding of
the reaction.

A catalytic cycle can be ideally broken into steps as follow:

- the protein binds ATP with its coordinated Magnesium ions and the peptide sub-
strate almost randomly [88];

- then the transfer of the v-phosphate of the cofactor to the substrate occurs [87];

"Namely lysine of subdomain II, glutamate of subdomain III, aspartates of subdomains VII and VIII
an arginine and a tyrosine (auto-phosphorylation site) of the A-loop.
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Figure 1.9: Phosphotransfer reaction towards hydroxyl group of tyrosine residue at the
substrate. The hypothesis of the chemical reaction is drawn in three steps, the scheme is
adapted from [86] and hydrogen atoms are omitted (a, b, ¢). Atoms of reagents are in sticks
representation as well as some protein residues (subdomains of provenance are labelled);
Magnesium ions are shown as spheres. The atoms are colored coded: blue (nitrogen),
red (oxygen), yellow (sulfur), pale green (magnesium) and green, magenta, and gray for

carbon atoms of substrate, ATP and protein residues, respectively. Atomic coordinates are
rendered with the program pymol [64].
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- the final step is the products release where the phosphopeptide leaves first [89]
followed by the ADP.

Now the protein is free to start all over again. Thus, different aspects can influence the
speed of catalysis as demonstrated by several biochemical studies.

Running kinetic experiments in different viscosity conditions, the rate limiting step
of the reaction has been shown to be the ADP release for Pka [90,91] and for insulin
receptor [92] with activated proteins. Furthermore, Shaffer and Adams proposed two
additional steps for Pka catalysis: a prior key residues positioning and their relaxation
subsequent the transfer [89,93].

Clearly, the protein conformational changes can regulate the kinetics of the phosphoryl-
transfer by reaction tuning and products release.

The importance of Magnesium for the reaction was also tested and as expected from the
chemistry of the protein reaction center, no kinetics could be recorded in absence of the
ion assaying insulin receptor [94]. In Pka various concentrations of the Mgt changed sig-
nificantly the steady-state kinetic parameters, through the enhancement of ATP binding
and affecting protein conformational changes [93]. However, these behaviors are repre-
sentative for in-vitro conditions using peptides as substrates, and a different panorama is
achieved when native substrates are used instead of small peptides [95].

Another interesting aspect about the phosphoryl-transfer that has been investigated,
is the transition state of the reaction. When the phosphoryl-donor and acceptor are at the
right distance, the oxygen atom of the substrate hydroxyl group (the nucleophile) attacks
the phosphorus of the ATP ~-phosphate with a partial bond formation between these
two entities. Then, the transition state occurs with the weakening of the covalent bond
between the second and the third phosphates of ATP and the concomitant placement of
the latter one toward the nucleophile. Depending on the bonds character and the distance
between the species, two transition states are possible as depicted in figure 1.10 on the
facing page [96,97].

Dissociative transition state: which is characterized by a little bond formation be-
tween the phosphorus and the hydroxyl group, and a largely broken bond between
the latter and the S-phosphate of the ADP.

Associative transition state: in this alternative state, the character of the two bonds
is stronger with reactants closer to each other.

Secondary differences between the two transition states are i) the required nucleophilic-
ity of the attacking oxygen atom and ii) the role played by the aspartate of the C-loop.

Experimentally, in agreement with the associative reaction, no dependence was found

when Pka activity was measured in an pH interval from 6 to 9 [98]. The authors consid-
ering the pKa values for aspartate and serine suggested that the protonation state of the
aspartate might not be essential for the reaction.
The dissociative transition state of the reaction have been hypothesized studying linear-
free energy relationships in determination of the nucleophile coefficient for the reac-
tion [96]. The authors studied the pKa and kinetics at different pH using fluorinated
tyrosine analogues [96].
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Figure 1.10: Transition states of the phosphoryl-transfer reaction. Associative and Disso-
ciative transition states are depicted in two-dimensional scheme, taken from [97].

In-silico

The fascinating atomistic point of view of the reaction can be hypothesized by experiment
outcomes but can also be investigated theoretically. The chemistry of the phosphoryl-
transfer reaction have been studied computationally by means of several methods with
different level of theory. However, whether the key atoms for reaction are simulated with
explicit or implicit electron models, and whether or not their atomic surroundings are
included, can have a big impact on the outcomes.

Early calculations by means of semi-empirical methods proposed a high activation
energy barrier for the reaction [99-101]. But later, the inadequate use of these methods
for studying the kinase reaction was shown [102]. The quanto-mechanics (QM) studies of
the reaction catalyzed by Pka [103-107] and Cdk2 [108] debated about the ”associative”
and the ”dissociative” transition state with the involvement of the conserved aspartate of
subdomain VII. A minor role for this residue in positioning the phosphoryl-acceptor have
been suggested as well as the primary one where it takes part at the reaction as catalytic
base deprotonating the hydroxyl group and enhancing its nucleophilicity. Higher descrip-
tion accuracy of the events comes from recent applications of the mixed type quanto-
and molecular-mechanics (QM/MM) calculations [109,110] where atoms directly involved
in the reaction and those in the surroundings are described with QM and MM models,
respectively. In agreement with the dissociative transition state and with a major role
played by the aspartate, Chen et al., [109] calculated a free energy barrier for the Pka
reaction around 14 kcal/mol. While, the later study on Cdk2 confirms the associative
fashion for the reaction with the minor role for the aspartate and an activation energy of
approximately 24 kcal/mol [110].
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1.3.5 The auto-regulative inhibition

For the crucial role of protein kinases in the cell physiology, many different types of con-
trols of their catalytic domain have evolved. The negative regulation of KD activity is
expressed by a large variety of inhibition mechanisms and here few examples are reported.

- Cdks are inactive protein serine kinases (PSKs) in the basal state but when inter-
acting with cyclins through the C-helix they became active [111].

- Pka kinase is inhibited by an endogenous peptide, called protein kinase inhibitor
(PKI), which binds and traps the KD at the substrate site as depicted in figure 1.11a
on the next page [45,112].

- The Ca™"-regulated kinases Twitchin possesses a C-terminal tail substructure which
folds back into the ATP and the substrate-binding sites, blocking both [113] (fig-
ure 1.11b on the facing page).

- Src tyrosine kinase comprises beside the KD two regulatory domains at the N-
terminal, called SH2 and SH3, which interact with the two lobes of the KD. This,
limits the freedom of the lobe’s movements and maintain, via internal interactions,
the C-helix in a swung-out conformation [114-116] (figure 1.11c).

- Flt3, a receptor tyrosine kinase, possesses a domain N-terminal to the KD, named
juxtamembrane domain, which interacts with the C-helix and then folds in the
interface between the two lobes. In this way the A-loop cannot adopt the open
conformation [117] (figure 1.11d and further discussed in details).

1.4 Tyrosine Kinases

Growth, differentiation and intercommunication of cells are associated with tyrosine phos-
phorylation. Stable machineries, PTKs, to trigger it have been discovered already in
the early stages of multicellularity for eukaryotic organisms (see subsection 1.1.4). The
primary role played by protein tyrosine kinases in cell physiology was immediately un-
derstood when elements of the family were discovered in tumor virus [47-49], and their
presences associated with overgrowth and morphological changes of cells occurring when
infected by one of these virus, Rous sarcoma virus [118-120]. Later, the hypothesis was
supported by the finding of protein tyrosine kinase activity for the epidermal growth fac-
tor receptor [121], insulin receptor [122] and platelet-derived growth factor receptor [123].
Another interesting aspect of TK signaling concerns the substrates. Peptides containing
phosphotyrosine residues were discovered as ligands for specific domains as SH2 and PTB
that are involved in cell signaling pathways [55,124].

Today, two classes of tyrosine kinases are known: the receptor tyrosine kinases (RTKs),
mainly single polypeptide spanning the cellular membrane, and the non-receptor tyrosine
kinases (nRTKs), differently localized inside the cell. A large portion of scientific litera-
ture has been devoted to study structure, function, interaction as well as other behaviors
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(¢c) Sre kinase (1KSW) (d) Fit3 kinase (1RJB)

Figure 1.11: Inhibitions mechanisms for two PSKs (a and b) and two PTKs (c and d).
The secondary structure of the four kinase domains is represented as gray cartoon. The
secondary structure of protein kinase inhibitor (PKI), C-terminal tail of Twitchin kinase,
SH2 and SH3 domains of Src and the juxtamembrane domain of FIt3 is represented as

red cartoon. Atomic coordinates of PDB files (reported in between brackets) are rendered
with the program PYMOL [6/].
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of PTKs. Their component in cell-signaling has been deeply investigated. Examples of
their regulatory activity for intra- and intercellular stimuli are response to insulin, the
vascularization process, the differentiation of the immune system, the development of the
central nervous system and many many others [17,36,37].

The central role assigned to these proteins in cell physiology suggests the importance
of the tight regulation of their activity. Although, protein tyrosine phosphatases are coun-
teracting kinase activity, series of inhibition mechanisms are intrinsically implemented to
maintain low productivity for these enzymes. The loss of control of the tyrosine kinase
activity leads usually to uncontrolled growth and differentiation and thus to malignant
transformation of cells [39]. Uncontrolled kinase activity can be the result of mutations or
deletions of one or more residues, protein overexpression and chromosomal translocation
leading to the fusion of part of the kinase polypeptide with other proteins [39,125].

In some cases these types of alterations are causatively linked to oncogenesis or cancer
progression [126].

The 90 human sequences assigned as protein tyrosine kinases include 58 RTKs divided
in 20 subfamilies and 32 nRTKs divided in 10 subfamilies [38,127].

1.4.1 Receptor tyrosine kinases

The 20 subfamilies composing the receptor tyrosine kinase superfamily are listed in ta-
ble 1.1.

Table 1.1: The 20 RTKs subfamilies and their members

Subfamily Members Entry code
PDGFR Pdgfra: Platelet-derived growth factor receptor o P16234
Pdgfr(: Platelet-derived growth factor receptor 3 P09619
Cdflr: Colony-stimulation factor-1 receptor P07333
Kit: Stem-cell factor receptor P10721
F1t3: Fms-like kinase receptor P36888
EGFR EGFR1: Epidermal growth factor receptor 1 P00533
ERBB2: Epidermal growth factor receptor 2 P04626
ERBB3: Epidermal growth factor receptor 3 P21860
ERBB4: Epidermal growth factor receptor 4 Q15303
IR INSR:Insulin receptor P06213
IGF1R: Insulin-like growth factor 1 receptor P08069
INSRR: Insulin receptor-related protein P14616
VEGFR  Vegfrl: Vascular endothelial growth factor receptor 1 P17948
Vegfr2: Vascular endothelial growth factor receptor 2 P35968
Vegfr3: Vascular endothelial growth factor receptor 3 P35916
FGFR Fgfrl: Fibroblast growth factor receptor 1 P11362
Fgfr2: Fibroblast growth factor receptor 2 P21802

Continued on the next page . ..
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Subfamily Members Entry code
Fgfr3: Fibroblast growth factor receptor 3 P22607
EPHR EphrA1l: Ephrin receptors Al P21709
EphrA2: Ephrin receptors A2 P29317
EphrA3: Ephrin receptors A3 P29320
EphrA4: Ephrin receptors A4 P54764
EphrAb5: Ephrin receptors A5 P54756
EphrA6: Ephrin receptors A6 Q15375
EphrAT7: Ephrin receptors A7 P29322
EphrAS8: Ephrin receptors A8 Q5HJZY3
EphrB1: Ephrin receptors Bl P54762
EphrB2: Ephrin receptors B2 P29323
EphrB3: Ephrin receptors B3 P54753
EphrB4: Ephrin receptors B4 P54760
EphrB5: Ephrin receptors B5 015197
CCK Ptk7: Tyrosine-protein kinase-like 7 Cck4 Q13308
NGFR Ntrkl: Neurotrophic tyrosine kinase receptor type 1 P04629
Ntrk2: Neurotrophic tyrosine kinase receptor type 2 Q16620
Ntrk3: Neurotrophic tyrosine kinase receptor type 3 Q16288
HGFR Met: Hepatocyte growth factor receptor P08581
Ron: Macrophage-stimulating protein receptor Q04912
AXL Ufo: Tyrosine-protein kinase receptor UFO P30530
Merk: Proto-oncogene tyrosine-protein kinase MER Q12866
Tyro3: Tyrosine-protein kinase receptor TYRO3 Q06418
TIE Tie: Tyrosine-protein kinase receptor Tie-1 P35590
Tie2: Tunica interna endothelial cell kinase Tek Q02763
RYK Ryk: Tyrosine-protein kinase RYK P34925
DDR Ddr1l: Epithelial discoidin domain-containing receptor Q08345
1
Ddr2: Epithelial discoidin domain-containing receptor Q16832
2
RET Ret: Proto-oncogene tyrosine-protein kinase receptor P07949
ret
ROS Ros: Proto-oncogene tyrosine-protein kinase ROS P08922
LTK Ltk: Leukocyte tyrosine kinase receptor P29376
Alk: Anaplastic lymphoma kinase QIUMT3
ROR Rorl: Tyrosine-protein kinase transmembrane receptor Q01973
RORI1
Ror2: Tyrosine-protein kinase transmembrane receptor Q01974
ROR2
MUSK Musk: Muscle, skeletal receptor tyrosine protein kinase 015146
LMR LMTK1: Lemur tyrosine kinase 1 Q6ZMQ8

Continued on the next page . ..
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Subfamily Members Entry code
LMTK2: Lemur tyrosine kinase 2 Q8IWU2
LMTKS3: Lemur tyrosine kinase 3 Q96Q04

SuRTK106 STYKI1: Tyrosine protein-kinase STYK1 Q6J9G0

Many extracellular stimuli, like growth factors, differentiation factors and hormones,
important for the regulation of the normal development of multicellular organisms, impose
their actions via binding the specific receptor tyrosine kinases at the cell surface [128]. In
general, this interaction event is correlated with the non-covalent dimerization of receptor
units. The signal is transduced inside the cell by initiating the activity of the kinase do-
main which is linked, via transmembrane domain, to the external ligand-binding domain.
Eventually, the kinase domain phosphorylates tyrosine residues in the receptor itself or in
secondary proteins.

The ligand-binding domain is usually composed by different combinations of domain
sequences, like immunoglobulin-like domain, cysteine-rich region, fibronectin type I1I do-
main and others [130] and differs between the RTK families. The transmembrane domain
(TM) is similar for all RTKs and assumes an a-helical fold in the phospholipidic bilayer.
A stretch of amino acids, called juxtamembrane domain (JM), connects TM to the cat-
alytic domain. The JM of several RTKs has auto-inhibitory function, mainly hindering
the C-helix movement [73,117,131]. The stable kinase activity is achieved with the phos-
phorylation of conserved tyrosine residues located on this domain. This mechanism was
confirmed by the catalytically repressed protein form obtained with mutations of these
residues in Ephr [132], Pdgfr [133,134] and Musk [135]. The last receptor portion, the
C-terminal tail, is conserved for each family especially for the positions of certain tyrosine
residues [136], in some cases they have been shown to be auto-phosphorylation sites [137].
From crystallographic evidence the C-terminal tail of Tie2 RTK can act as auto-inhibitory
mechanism [138] which is confirmed by the elevated kinase activity of the C-terminal dele-
tion [139].

For the ligands interacting with the extracellular binding region of the protein, several
types of polypeptide chain and ways of interacting have been described. The platelet-
derived growth factor (Pdgf) and the vascular endothelial growth factor (Vegf) are homod-
imeric proteins linked via disulfide bridge and binding two different receptor monomers at
the same time [130]. The epidermal growth factor interacts non-covalently with one RTK
monomer producing quaternary structure rearrangements and subsequent binding to a
second monomer [140,141]. For inducing receptor dimerization, the fibroblast growth fac-
tor requires the binding of a second molecule, the heparin sulfate proteoglycan [142,143].
Accessory proteins supporting receptor dimerization upon ligand-binding have been re-
vealed even in the case of Ret and Musk [144,145]. In the case of insulin the mechanism
is different. The insulin receptor ”dimer” is always present and the two units are formed
by « and [ chains interlinked by a disulfide bridge. The « chain contains the extracel-
lular domain while the 3 one the transmembrane, juxtamembrane and catalytic domain.
Thus, this receptor is found at the cell membrane as heterotetramers, as3s, in normal
conditions and the insulin binding causes a quaternary structure rearrangement of the
tetramer, followed by receptor’s activation.
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Figure 1.12: Activation of RTKs. Various protein portions and ligands are depicted and
colored, kinase domain in cyan, extracellular domains in purple, ligand in green, cofactor
i yellow, substrate in red, downstream signaling proteins in orange. Other cytoplasmatic
protein portions are drawn, namely jurtamembrane, A-loop and C-terminal tail. The
ligand-free and the activated states are described in the left and right side, respectively.
Picture taken from [129].

The extracellular part of these receptors characterizes the RTKs families and captures
the ligand selecting the stimulus to be entered in the transducing machinery. The signal
crosses the cell membrane by the formation of the ligand-assisted receptor dimerization,
which increases the local concentration of the cytoplasmic domains favoring the trans-
autophosphorylation of tyrosine residues located at the A-loop of KD, juxtamembrane
domain and C-terminal tail [146, 147] (depicted in figure 1.12). The phosphorylated re-
ceptor is now able to transfer the signal in the cytoplasmatic environment releasing it
to secondary effectors such as other protein kinases or phospho-tyrosine binding (PTB)
domains.

The signal transfer is a combination of two mechanisms. The first one includes the part-
ner recruitment via phosphorylated tyrosine residues in the catalytic domain, juxtamem-
brane domain and the C-terminal tail. The second one is related to the phosphorylation
of specific sequences based on the substrate selection of the KD as discussed earlier (see
section 1.3.2 on page 8). For example, proteins containing SH2 and PTB domains can be
selected and activated with conformational changes due to the interaction or phosphory-
lation of the KD, being localized in close proximity [39,147].

Studies on chimera receptors were performed to understand how the extracellular ligand-
binding and the intracellular catalytic domain are influencing one each other. Chimera
receptors mixing protein extra- and intracellular portions of different kinases were ex-
pressed and tested. These hybrid receptors could bind one type of ligand according to
the ligand-binding domain and arise different stimuli according to the cytoplasmatic do-
mains [148-150]. Thus, the results revealed that incoming stimuli and out-coming signals
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of RTKs are rather independent mechanisms and that the intracellular part is decisive for
the type of signal that will be forwarded within the cell.

The signal flux is readily interrupted with the endocytosis of the receptor-ligand complex.
At this stage the proteins inside the vesicles can be degraded by lysozime or be recycled
at the cell surface [128].

Although the general fold of the kinase domain is conserved, a remarkably large amino
acid insertion, called kinase insert region, is observed in the loop connecting the first two
helices (a2 and «a3) of the C-lobe (figure 1.5 on page 13) of some receptors tyrosine kinase,
namely the Pdgfr-family and Vegfr-family elements. This sequence has high variability
in length and residues composition. The length can vary from 10 to 100 residues among
TKs [128,130]. It appears more conserved for orthologue proteins, same protein type
from different species, than for homologue members of the same subfamily [128]. No sec-
ondary structure elements have been so far depicted by any experiments. Furthermore,
the deletion of part of this loop in Vegfrl permitted the protein crystallization and its
structure solution via X-ray [151], resulting in the common KD architecture. This region
have been described essential for arising certain TK pathways [152], but the function is
still not fully established [153].

Another peculiarity of RTKs is that some of them required A-loop phosphorylation
for full kinase activity [154-156], while others, like Ret and Egfr do not [157,158]. In the
case of Egf receptor, catalytic domain shows a Cdk behavior, requiring protein-protein
interaction involving the C-helix for activation [72]. While cyclins fulfill this task by the
Cdks, a second KD of Egfr seems to interact similarly to cyclins with the first one [72].
To confirm this observation, it could be shown that an intrinsically inactive KD of Egfr3
is able to activate other family members forming heterodimers [159].

There are several examples of pathologies involving disfunctions of RTKs, The Egfr
over-expression has a causative role in human glioblastoma, mammary carcinomas and
lung cancer [39, 160]. In addition, Egfr sequence mutations are found in lung cancer
patients [161]. Different mutations localized at extracellular and intracellular portions of
Kit are correlated with the development of gastrointestinal stromal tumors (GIST) [162].
The deregulation of Flt3 activity is found in 30% of cases of acute myelogenus leukemias
(AML) due to additive sequences, called internal tandem duplication (ITD) [163]. Gene
translocation expressing the fusion of N-terminal of Nucleophosmin (Npm) and KD of Alk,
so-called Npm-Alk, is associated with the development of anaplastic large cell lymphoma
(ALCL) [164].

Furthermore, RTKs have also been described in genesis or progression of other diseases,
like diabetic retinopaty, atherosclerosis and psoriasis [165].

1.4.2 non-Receptor tyrosine kinases

The second group of protein tyrosine kinases is represented by cytosolic proteins, though
someone (e.g. Abl) can have dual distribution with their presence also in the nuclear envi-
ronment [17]. The 10 subfamilies composing the non-receptor tyrosine kinase superfamily
are listed in table 1.2 on the next page.
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Table 1.2: The 10 nRTKs subfamilies and their members
Subfamily Members Entry code
SYK Ksyk: Tyrosine-protein kinase SYK P43405
Zap'70 70 kDa zeta-associated protein kinase P43403
FRK Frk: FYN-related kinase P42685
Ptk6: Breast tumor kinase Q13882
Srms: Tyrosine-protein kinase Srms QI9H3Y6
FES Fes: Proto-oncogene tyrosine-protein kinase Fes/Fps P07332
Fer: Proto-oncogene tyrosine-protein kinase FER P16591
FAK Fak1: Focal adhesion kinase 1 Q05397
Fak2: Focal adhesion kinase 2 Q14289
CSK Csk: C-terminal Src kinase P41240
Matk: Megakaryocyte-associated tyrosine-protein ki- P42679
nase
ACK Ack: Activated CDC42 kinase 1 Q07912
Tnk1: Non-receptor tyrosine-protein kinase TNK1 Q13470
JAK Jak1: Janus kinase 1 P23458
Jak2: Janus kinase 2 060674
Jak3: Janus kinase 3 P52333
Tyk2: Non-receptor tyrosine-protein kinase TYK2 P29597
TEC Tec: Tyrosine-protein kinase Tec P42680
Bmx: Bone marrow tyrosine kinase gene in chromosome P51813
X protein
Btk: Bruton tyrosine kinase Q06187
Itk: Tyrosine-protein kinase ITK/TSK Q08881
Txk: Tyrosine-protein kinase TXK P42681
ABL Abl1: Abelson murine leukemia viral oncogene homolog P00519
1
ADbl2: Abelson-related gene protein P42684
SRC Src: Proto-oncogene tyrosine-protein kinase Src P12931
Lck: Lymphocyte cell-specific protein-tyrosine kinase P06239
Fgr: Proto-oncogene tyrosine-protein kinase FGR P09769
Fyn: Proto-oncogene tyrosine-protein kinase Fyn P06241
Yesl: Proto-oncogene tyrosine-protein kinase Yes P07947
Blk: B lymphocyte kinase P51451
Hcks: Hemopoietic cell kinase P08631
Lyn: Tyrosine-protein kinase Lyn P07948

These TKs participate in cell signaling as well as the RTKs [22,166]. Within the
signaling pathways, they have a dual role. On the one hand, they act as second effectors
of intra- and intercellular stimuli regulating interactions and activity of other proteins,
like kinases (as component of the kinase cascades). On the other hand, some nRTKs, like
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Src, Fak and Jaks, associate with transmembrane proteins such as cytokines and integrin
adhesion receptors fostering synergistically the signal transduction of membrane bound
proteins [167-169]. The activation mechanism of these binary complex receptors resem-
bles the one previously described for RTKSs, where protein oligomerization stabilizes KD
proximity for tyrosine phosphorylation [167,168].

The overall architecture of these proteins is characterized by the presence of different
domains modules at the N- and C-terminal position of the catalytic domain. The most
frequently found domains are the SH2, the SH3, the Actin-binding, the DNA-binding, the
Focal adhesin-binding, the Integrin-binding, the Pleckstrin homology (PH) and the Btk
domains. Different combination and distribution of such protein portions diversified the
topology of the elements of the enzyme family. These ubiquitous modules act through a
variety of concerted functions that are characteristic of them. Their main roles in nRTKs
are regulation of the kinase activity, protein localization and interactions with secondary
entities [146,169,170].

One of the best characterized nRTK, Src, is composed by SH3, SH2 and catalytic do-

main, and its behavior is reported here as example for illustrating the modular function
of the different domains. The Src N-terminal interacts via myristoyl group to the inner
surface of the cellular membrane where the protein is thus localized. The inactive state is
maintained by the complex of the rest of the molecule. SH3, SH2 and KD domains interact
with each other, depicted in the crystallographic structures [115], forming two SH2-KD,
one SH3-KD and one SH2-SH3 interacting interfaces. The most prominent interaction is
the one between the phosphotyrosine residue at the C-terminal tail of the KD and the
SH2 domain. This residue is phosphorylated by another nRTK, Csk whose physiological
role is indeed to keep Src inactive. With the protein activation, SH2 and SH3 are released
and can interact with other sites, while the KD achieves catalytic activity.
Different regulatory mechanism is promoted by SH2 and SH3 domains in the case of Csk
where their presence is required for full kinase activity [171]. The crystal structures (PDB
codes: 1BYG and 1K9A) comparison shows that: the regulatory domains interact with
the N-terminal lobe of the catalytic domain [172] stabilizing the catalytic favorable con-
formation of the C-helix [173].

Two examples of modified nRTKs associated with diseases are reported here. The
constitutive activation of Src due to the aberrant deletion of its C-terminal tail has been
correlated in some colon cancer cases, while Src over-expression has been depicted in
pancreatic cancers [39]. The Philadelphia chromosome resulting from gene translocation
leads to the expression of the fusion protein Ber-Abl with uncontrolled tyrosine kinase
activity, that has been found to be the causative agent of chronic myelogenus leukemia
(CML) [126].

1.5 TK Inhibitors

The large implication of protein tyrosine kinases in many types of cancer have pushed sci-
entists, from both academy and industry, to search for external control of these enzymes.
The direct pharmacological targeting of tyrosine kinases in treatment of cancer is quite
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recent and dates from the end of 1990s. Till late 1980s the cancer therapies consisted
exclusively in cycles of physical and chemical applications localized or not. Radiother-
apy, alkylating agents (nitrogen mustards, cisplatinum, etc.), microtubule destabilizing
compounds (taxol, docetaxel, etc.), intercalating molecules (doxorubicin, methylene blue,
etc.), topoisomerase inhibitors (topotecan, amsacrine, etc.) are therapies whose selectiv-
ity is solely based on the difference in cell growth and replication between normal and
tumor cells. The consequence of the lack of selectivity is the intrinsic high toxicity and
severe side effects for the patients.

A lot can be written regarding the many ways attempted to inhibit the tyrosine kinase
activity, but here, the most explored ones are described.
One of the successful treatment against tyrosine kinases disregulation is the use of mon-
oclonal antibodies against the extracellular domain [174]. The specific binding of the
antibody hindered the interaction with the ligand and other receptor monomers [175],
and thus, the receptor activation is blocked because of the abolished dimerization. Her-
ceptin, an antibody against HER2 (Egfr), was accepted by Food & Drug Administration
(FDA) in 1998 and is used for the treatment of breast cancer [176].

A second promising approach is the usage of the so-called mechanism-based inhibitors.
These molecules interact at reaction center occupying the substrate and cofactor-binding
sites. These bi-substrate inhibitors are the result of the chemical fusion of a peptide sub-
strate and an ATP analogue with a good protein affinity, because of the summation of the
interactions, and selectivity for the peptide mimetic [97]. The confirmation of their action
at the molecular level was gained with the crystallographic structure of insulin receptor
bound to one of such molecules [177]. Many attempts have been made and are reviewed
in [97], but unfortunately none of these compounds made it into the clinic up to now.

The most explored and clinically successful TKs inhibition is based on adenine mimetic
behavior of molecules competing with ATP for binding at the same protein pocket.
Several scaffolds have been exploited and among the most promising there are quinazo-
lines, like Iressa and PD153035, phenylamino-pyrimidines, like Imatinib, pyridopyrim-
idines, like PD173074, pyrrolopirimidines, pyrazolopirimidine, like PP1 and PP2 and
staurosporines like molecules [178]. Their main interaction moiety appears to be the
"ligand-core” [75] with the conserved region of the ATP-binding site while specificity is
achieved with the additional contacts in the less conserved surroundings, like the hy-
drophobic pocket [74,179,180].

The breakthrough in tyrosine kinase inhibition was the discovery of Imatinib, which shows
selectivity against the oncogenic fusion protein Ber-Abl, Kit and Pdgfr. Coming from a
lead-identification screening against protein kinase C, it was later developed for better
pharmacokinetic and pharmacodynamic properties [181]. During optimization the com-
pound showed selective inhibition of Ber-Abl fusion protein and clinical trials were per-
formed as cure for Chronic Mylogenus Leukemia (CML), finally its approval for marketing
by FDA came in 2001 [181].

Although the in-vivo efficacy of these inhibitors could suffer from the high concentration
of ATP that is present in cells (8 mM) and even more in transformed cells [182], the
clinical data on Imatinib clearly indicate that effective in-vivo inhibition can be achieved.
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Thus, the positive results suggest that the issue of the targeted conformation is relevant
for the in-vivo outcome.

Due to the highly conserved ATP-binding site through the protein kinase family [74], the
selectivity of these inhibitors is a second major issue. Hitting more than one tyrosine ki-
nases with the same molecule might be undesirable knowing the central physiological roles
of these proteins. On the other hand, there are evidences for tyrosine kinase inhibitors
which owe their therapeutic effectiveness to the PKs additional inhibited [183].

Cancer treatments based on the administration of ATP-competitive inhibitors are
successful, as shown with Imatinib [181], but relapses can occur [184,185] due to alterations
of the target. Resistant protein mutants to the inhibitor effect give to some cancer cells
survival advantages [186]. Thus, it is a general opinion in the field that therapeutic
strategies based on multiple drugs as it is the case for the AIDS treatment, will be needed
in the future to cure the cancer. The design of small molecules for targeted cancer
therapy is still the major trend in the scientific community, as confirmed by the wealth of
studies published on the topic, and is important for having more successful therapeutic
interventions in the future.

1.6 Flt3

The Fl1t3 protein is a RTK that belongs to the Pdgfr subfamily (also known as RTK III
subclass family) together with Pdgfra, Pdgfr/3, Kit and Fms (see table 1.1 on page 28).
The existence of the gene translating for F1t3 was first discovered in mouse [187,188] and
few years later verified in human as well [189,190]. The fit3 gene is mapped to the 13t
human chromosome (13q12) [191] and 24 exons are expressed with tissue-specific pat-
tern, predominantly in hematopoietic progenitor cells in the bone marrow, thymus and
lymph [189]. Secondary sites of expression are placenta, brain and gonads [192]. Fur-
thermore, according to the cell expression profile, F1t3, is found mainly in early myeloid
and lymphoid progenitors [193] with its tyrosine kinase activity involved in proliferation,
differentiation and apoptosis of hematopoietic cells [194].

The 993 amino acids long protein can be found glycosylated (158-160 kiloDalton form)
and non-glycosylated (130-143 kDa form) at the extracellular domain [195,196]. The gly-
cosylation appears to maturate the protein with the consequent translocation on to the
cell membrane.

The domain topology, shared by all the members of the III subclass of RTK, is composed
by the extracellular ligand-binding moiety, with 5 immunoglobulin-like domains , a trans-
membrane portion predicted as a-helix and the cytosolic part with the juxtamembrane
domain, the catalytic domain (with the kinase insert region) and the C-terminal tail.
The three-dimensional arrangement of Flt3 kinase domain is highly similar to the other
PTKs as depicted by X-ray crystallography [117]. In addition, the available structure
revealed an auto-inhibition mechanism mediated by the juxtamembrane domain, later
confirmed for other two members of the same subfamily, Kit [73] and Fms [197].

Flt3 is physiologically activated by the binding of another protein to its extracellu-
lar portion. The so-called Flt3 ligand (FL) was first discovered in mice and later was
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identified the human homologue [198,199]. It is expressed in several isoforms [200]; the
principal one is a 235 residues long transmembrane protein composed by an extracellu-
lar part (the ligand domain) and a small cytoplasmic one interconnected by a segment
spanning the membrane [201]. The generation of the second form of the Flt3 ligand is
achieved by protein cleavage with the release of the soluble extracellular domain [198,199].

With the binding of the receptor to its cognate ligand, F1t3 monomers are co-localized
and their dimerization is triggered. RTK dimerization leads to conformational changes
accompanied by concomitant release of the steric inhibition and activation of the kinase
domains (described in subsection 1.4.1 on page 28). The stable activity of these catalytic
moieties is achieved by transphosphorylation of cytosolic tyrosine residues. Thus the sig-
nal is transduced inside the cell and several biochemical pathways are initiated. After few
minutes of activity the complex receptor-ligand is internalized and degraded [202].

It follows two examples of how Fl1t3 signal regulates cell growth and apoptosis.

Mapk pathway: the phospho-tyrosines at the intracellular part of Flt3 can recruit an
adaptor protein, Grb2, that promotes the exchange of GDP with GTP in Ras protein
[203,204]. This GTPase starts a kinase cascade involving Rafl, Erkl and Erk2 [205].
Then, the mitogen-activated kinases (Erkl and Erk2) translocate into the nucleus
and activate transcription factors [206];

Pi3k pathway: the phosphoinositol 3-kinase activation appears to be mediated by adap-
tor proteins like Gabl, Gab2 or SHP2 which are phosphorylated by F1t3 [204]. Pi3k
stimulates the biosynthesis of crucial regulatory proteins via kinase cascades includ-
ing Pdkl, Pkb, mTor and S6k and inhibits cell apoptosis via phosphorylation of
Bad, a protein which belong to the Bcl2 protein family [194].

Other signaling systems are likely to be downstream of the F1t3 physiological activation,
such as Src family kinases and Jak/Stat kinases cascade. However, the role played by the
receptor within those pathways is less clear [204].

The primary but not essential role of Flt3 in mammals has been revealed by the
relatively normal haematopoiesis of F1t3 knockout mice [207] and by the large implication
of the aberrant protein forms in leukemias [208]. About 10 years ago the first report
of mutated F1t3 in hematopoietic malignancies was published [163]. Later efforts led
to the identification of different oncogenic forms of the protein and their relevance in
cancer (for examples [209-212]). Two major variations at the primary structure of F1t3
are frequently found in acute myeloid leukemia (AML), acute lymphoblastic leukemia
(ALL) and myelodysplasia [194]. A sequence insertion at the juxtamembrane domain,
called internal tandem duplication (ITD), characterizes the constitutively activated form
of F1t3 in about 30% of AML patients [163] (further discussed in chapter 4 on page 79).
The second malignant transformation of the protein can arise from different single point
mutations within the KD [212].The more relevant one is the replacement of an aspartate
at the beginning of the A-loop, predominantly by a tyrosine (Asp835Tyr) [213].
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1.7 Methodology Survey

The development of computers with increased calculation power gave to the scientific
investigations news possibilities in respect to data analysis as well as complex mathemat-
ical model building. In science, computers can be used to apply complex models to study
different aspects of nature. They handle many numbers and elaborate mathematical func-
tions, like the forecast and planets’ trajectory predictions, and extend the human fantasy
with the rendering at different size scales of the matter in different conditions.

Within this thesis, I largely used computational capabilities to study proteins and
other molecules, their dynamics, interactions and to predict some of their behaviors. In
this section some of the methods as well as their strengths and weaknesses, for addressing
scientific questions, are described.

1.7.1 Sequence alignment

As discussed in section 1.1.2 on page 2, the analysis of the similarity between sequences
of proteins of the same type from different species (paralogues) and proteins of different
types but from the same specie (either orthologue or not) allowed a more complete and
reliable mapping of the relationships among organisms in the life evolution. The concept
behind these studies is straightforward: having the sequence of two proteins, the simi-
larity comes from the pairwise comparison of their residues for position and type (for an
example see figure 1.3.1 on page 9). Things get more complicated when the number of
residues and of proteins, to be compared, increases. The issue is addressed by means of
the combined usage of algorithms (reviewed in table 1.3) and computational power. A
review about sequence alignment can be found in [214]. The algorithms have to ”decide”
whether two amino acids in different sequences can be matched or not. To handle the
task, algorithms are provided with scoring tools for ”judging” the similarity of the com-
pared residues and the full alignment. The first scoring was based on residue identity.
The alignment of amino acids scores 1 for identical aligned residues and 0 for diverse ones.
Later, the similarity idea was applied by using scoring matrices based on the amino acid
characteristics like physical-chemical properties, steric characteristics, and substitution
frequencies found for homologue structures [219]. Thus, substitution tables are obtained
by iterative comparison of subsequent residues in protein sequences. Optimal elongation
of alignments of amino acid stretches can be obtained combining this informations with
penalties for gap opening.

Table 1.3: The most commonly used methods for aligning protein sequences.

Algorithm Principle Method Ref
Needleman-Wunsh global pairwise alignment dynamic programming [215]
Smith-Waterman  local/global pairwise alignment ” [216]
FASTA multiple alignment heuristic [217]
BLAST K K [218]
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While applying these mathematical models to biology one should be aware that the
optimal result does not mean error free. In fact, these models weight all matched amino
acids of the investigated proteins in the same way, but under a biological point of view,
not all residues have the same relevance. Depending on the type of the secondary, ter-
tiary and quaternary structure of proteins, residues at different positions have different
importance for structural requirements, like glycines for plasticity or proline for struc-
ture rigidity. Furthermore, in relation to the proteins’ function, amino acids in certain
positions are required for interaction with other molecules, like reagents of a reaction
catalyzed by enzymes, ligands in case of receptors or other proteins for protein-protein
interactions. Nature during evolution of species has selected amino acid mutations based
on the residue role resulting in different degrees of conservation.

If structural informations are available for some of the proteins whose sequences are
going to be analyzed, these should be used to judge and if possible to influence the fi-
nal alignment. An examples is given in this chapter (figure 1.3.1 on page 9) where the
structural alignment information of some proteins is used to guide the sequence alignment.

A step forward have been taken by using statistical modelling tools such as the hid-
den Markov models (HMMs) [220]. Computational programs are ”trained” to recognize
stretches of conserved sequences from multiple sequence alignments and develop statistical
descriptors for specific amino acid patterns which are used to guide the new alignment.

1.7.2 Comparative modeling

When dealing with theoretical analysis of protein structures, the Cartesian coordinates
of the atoms of these macromolecules are needed. Protein structures can be derived
from experiments by collecting X-ray diffraction patterns of protein structures in crys-
tals or by acquiring distance constrains between atoms from nuclear magnetic resonance
(NMR). Nevertheless, experimental structures are not always available and thus alterna-
tive/complementary methods are needed to discover and predict proteins’ behaviors.
Protein structures can be virtually created; one of the commonly used technique is the so-
called comparative modeling [221]. This computational approach is based on the notion
that the primary structure of proteins is conserved, through evolution, to a lesser extent
than the higher level structures, namely secondary, tertiary and quaternary. In table 1.4,
methods for comparative modeling are reported, for review [214,221,222].

Table 1.4: The most commonly used methods for comparative modeling.

Method Ref Program
Rigid bodies assembly [223] SWISS-MODEL
Segment matching & coordinate reconstruction — [224] SEGMOD
Spatial restraints satisfaction [225] MODELLER
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An amino acid sequence (target) can be modeled on the structure of a second protein
(template) which are predicted to have the same folding. Based on the sequence alignment
of the two proteins, the pairs of residues are spatially matched with the generation of the
new coordinates for the target structure. Thus, the quality of the sequence alignment
which determines the residues pairs is of primary importance. Usually, conserved regions,
like secondary structure elements or patterns of residues implicated in the protein func-
tion, are identified in the structure of the template. Later, the alignment is optimized to
match these conserved regions. The out-coming structure can be structurally refined with
different protocols like energy minimization or simulated annealing. The resulting struc-
ture has to be checked for sterochemical quality, like ¢ and ¢ angles distributions and bond
lengths, angles etc., and for its feasibility of explaining already available biochemical data.

In addition, when the alignment reveals one or more long gaps, underlining struc-
tural variations between the two proteins, care must be taken on the structure gener-
ation. When new loops have to be built, meaning that the target sequence have non-
correspondent stretches in the template, coordinates can be either assigned randomly and
energy minimized or taken from experimentally known ones of other structures. The re-
liability of these additional loops depends on the length of these parts and the distance
between the template extremities. The longer is the insertion, compared to the three-
dimensional gap, the less reliable is the result.

In these studies, this approach was used in chapter 4 on page 79, to create protein
structures for successive investigations.

1.7.3 Molecular dynamics

Molecular systems, where non-bonded interactions between atoms are present, possess
intrinsic movements due to the changing distribution of their internal energy. Theoreti-
cal and empirical studies of proteins should take into account their dynamical behaviors.
Movements of proteins are understood as a variety of different atomic dispositions which
are specific for each protein system and are ruled by physical-chemical properties such as
steric hindrance of side chains or attractive and repulsive charges. In general, this molec-
ular conformational changes can be either little, with simple structure fluctuations due to
the energy present at a given temperature within the system, or large as consequence of
major modifications, such as phosphorylation of residue and binding of ligands.

Molecules can be described by mathematical models where the atomic positions, radii,
masses and charges as well as the covalent bonds (length, angles) of their topologies
are considered. Furthermore, the kinetic component is calculated from the velocities by
mathematical integration of the equation of motion derived from the second Netwon’s
law:

F=m=xa

Initial atomic velocities are used to start the compute of the kinetic component. Forces
are then used to calculate the new atomic positions and velocities by integration of the
equation of motion after a defined period of time (time step). The iteration of this cycle
yield to the deterministic evolution (dependent from the previous steps) of the system
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respect to the time. For reference [226].

The well known limitation of this method is how atoms are described. While using
molecular mechanics (MM) model, the atoms of a simulated protein are described as balls
with partial charges and the bonds are depicted as harmonic springs. The omission of all
electrons speed up the calculation permitting longer time scale simulation ® but decrease
the accuracy of the system evolution.

Another issue of MD simulation is the lenght of the computed time life of a macromolecule.
Certain biological phenomena concerning motions of proteins occur in a time scale which
is not achievable by normal MD simulations.

The production of a trajectory usually involves three steps: the initialization of the
system, its equilibration and production phase (see figure 1.13). During initialization ve-

Energy

Time

Figure 1.13: Total energy profile in MD simulations. The progression of the total energy
of the system is plotted against time. Different MD phases are identified and labeled in
green. A) initialization phase, B) equilibration phase and C) production phase.

locities are given to the atoms to calculate the first round of forces. When no velocities
are available from a previous MD simulation, they are assigned randomly according to the
Maxwell-Boltzmann distribution at given temperature. During equilibration the system
is let evolve shortly to adjust velocities and to bring the system at the nearest thermic
equilibrium an then the production phase.

Working with proteins some steps have to be added, this is due to the fact that these
macromolecules are half way between liquid and solid state. In other words, the covalent
bonds oscillations have to be restrained to reduce the number of degrees of freedom for the
system. In the case that the solvent is wanted to be described explicitly in the trajectory,
a certain number of water molecules have to added around the protein. The whole system
needs to be energetically minimized to avoid bad steric contacts. Then a first round of
MD is used to relax the solvent while the protein atoms are restrained in their initial
positions. The next step consists in warming up the system, to the targeted temperature,

8To give an idea about the correlation between the real time and the simulated time of MD the general
performance achieved with GROMACS-3.3.1 program package installed on a double processor Xeon 3.4
Ghertz 64 bit is reported. A system with approximately 40000 atoms needs 35 hours to calculate one
nanosecond of trajectory in double precision, with particle mesh ewalds PME and a cut off of 0.9 nm for
coulombic interactions.



i.,e. 300 Kelvin, and to adjust the velocities. This is an important step for diminish the
influence of the randomly assigned initial velocities in the final trajectory. The system
is thus equilibrated for pressure and temperature using algorithms which every tot steps
scale the velocities to match the set pressure and temperature within a given period of
time. Eventually, the production phase is run and the system properties are collected for
further analysis.

The reproducibility of this technique is an important issue because of the chaotic
nature of multi-body dynamics. The several thousands particles affect the velocity of
the single one by multiple interactions resulting in random trajectories. The word repro-
ducibility is thus intended for averages of properties of the system calculated for relatively
long simulations. Computational simulations of proteins should investigate a thermody-
namic equilibrium of the system. The farther from the equilibrium the less reliable is the
final trajectory. In chapters 4 on page 79 and 5 on page 107, MD is applied within some
experiments.

1.8 Aims of the study

Being a study on the area of pharmaceutical sciences, the topic focuses on the etiology
and the possible cure of specific diseases. In this thesis, the tyrosine kinase domain of TKs
was investigated for the physiological behaviors and the pathological alterations found in
certain cancers. The aims driving the investigations on this protein domain were essen-
tially 2:

i) broaden the knowledge about the protein features such as sequences, structures and
dynamics that are key elements for the molecular recognition between ligands and macro-
molecules and ii) build a framework where structure-based drug design can be applyied
for putative ligands at the ATP-binding pocket.

Although the kinase domain has been largely studied under many aspects, some ques-
tions have not been answered yet. How do kinases achieve different conformations for
their KD? Are there differences at the sequence level which can account for variations
in their structures? Which similarities can be exploited in drug discovery and how can
selectivity be achieved throughout the protein family? Answers were searched by the
comparison of sequences, structures and dynamics of several kinase domains.

From a collaboration with clinicians working on one of the oncogenic tyrosine ki-
nase, Flt3 bearing I'TDs, questions about what is the molecular mechanism of Flt3 auto-
inhibition and of its disruption by I'TDs were asked. To evaluate these issues the dynamics
of the several constructs of the protein was simulated by MD in order to suggest hypothe-
ses about oncogenic and normal activation.
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Chapter 2

Tyrosine kinase drug discovery:
what can be learned from solved
crystal structures?

2.1 Abstract

Understanding molecular recognition during ligand binding is crucial for rational drug
design. Protein kinases are a well known pharmacological target, especially in the ther-
apeutic area of cancer. Solved crystal structures of tyrosine kinase domains in complex
with ligands deliver insight into the binding event. These experimental data were col-
lected and analyzed by means of molecular modelling techniques. Common molecular
recognition patterns were depicted and studied among this class of proteins. The results
of this analysis and the consequences for rational design of inhibitors are presented.

2.2 Introduction

Protein kinases are enzymes that transfer the y-phosphate group of ATP to a peptidic
substrate. These proteins are divided in two subfamilies based on the molecular target
of the phosphorylation. Serine/threonine and tyrosine kinases transfer phosphates to hy-
droxyl groups of serine/threonine and tyrosine residues, respectively.

Tyrosine kinases are classified in receptor and non-receptor proteins, according to their
function and localization in the cell, and sequence similarity [127]. Both are implicated
in cell signalling: they do amplify, translate and integrate signals from inside and outside
the cell [227]. Epidermal growth factor receptor (Egfr), platelet-derived growth factor
receptor (Pdgfr), fibroblast growth factor receptor (Fgfr), vascular endothelial growth
factor receptor (Vegfr) and insulin receptor (InsR) are examples showing the implications
of these proteins in cell growth, differentiation and development. Deregulation of their
catalytic activity is correlated to oncogenic and inflammatory processes as well as diabetes

!This chapter is already published as proceedings of an invited lecture; the reference can be found
in [75]
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and other diseases [39].

Several types of domains form a functional protein tyrosine kinase. FExtracellular and
transamembrane domains are present only in the case of receptors; while SH2, SH3 and
other domains which up- and down-regulate the kinase catalytic activity (under physio-
logical conditions) and interact with several cell components can occur in both classes.
The conserved part of members of the protein kinase family is the catalytic domain, so-
called kinase domain whose overall three-dimensional structure is depicted in figure 2.1
on the facing page.

The kinase domain is characterized by structural plasticity resulting in the existence of
several conformations as shown by crystallographic studies [77]. The catalytic domain
undergoes a conformational change to become enzymatically productive [68].

According to the catalytic requirements, the kinase domain has two recognition sites: one
for the ATP (phosphoryl donor), placed in a cleft between the N- and C-terminal lobes
and one for the peptide substrate (phosphoryl acceptor) which is situated within the C-
terminal lobe in correspondence of the activation loop C-terminal end (figure 2.1 on the
next page).

Tyrosine kinase inhibitors interfering with ATP binding are of interest for anticancer
treatment. Glivec which is used as first line therapeutic for chronic myelogenous leukemia
(CML) represents a successful example of this approach [228-230]. During the last years,
a wealth of biochemical and structural data about the binding of these molecules has
been produced. In fact, many ligand-kinase domain complexes have been crystallized and
their three-dimensional structures have been solved by means of X-ray techniques. The
coordinates of these complexes are publicly available at the Protein Data Bank (PDB,
http://www.resb.org/pdb). In this manuscript we report the results of a comparison of
these structures combined with multiple sequence alignments of tyrosine kinase domains.
Common characteristics of the complexes are depicted and minimal requirements for
binding deduced.

2.3 Results and Discussions

2.3.1 The Kinase domain

The overall three-dimensional structure of the kinase domain, depicted in figure 2.1 on
the facing page, is conserved throughout the protein kinase family. The N-terminal lobe
is a twisted (-sheet of five antiparallel S-strands and one a-helix, and the C-terminal lobe
is composed by eight a-helices and four (-strands. These two lobes are connected by a
segment called hinge region and they delimit the cleft representing the ATP-binding site.
Other important moieties of this domain are: the nucleotide-binding loop, the aC helix,
the catalytic and the activation loop (see figure 2.1 on the next page).

For easier understanding of the presented data, residue numbering and representations
are referred to the sequence and crystal structures of the insulin receptor (PDB codes:

1IR3 [68] and 1IRK [67]).
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Figure 2.1: The three-dimensional structure of the kinase domain. The tertiary structure
of the kinase domain of the insulin receptor in complex with adenylyl imidodiphosphate
(AMP-PNP), and peptide substrate (ball-and-stick and stick representations, respectively;
PDB code: 1IR3) is depicted. Main regions are colored: nucleotide-binding loop (yellow),
aC heliz (red), hinge region (green), activation loop (violet) and catalytic loop (cyan).

2.3.2 Variety of ligands

The PDB was screened and Cartesian coordinates of 44 structures of the catalytic domain
of several tyrosine kinases in complex with ligands were retrieved (PDB entries are found
in the supplementary information section). These ligands have 1C5y values ranging from
nM to M [73,82,231-240].

The first analysis revealed the presence of 15 structures of kinase domains in com-
plex with ATP-like molecules. Interesting, among these there are two kinase domains in
complex with ATP analogue chemically linked with peptide that behaves as bi-substrate
ligand.

The remaining 29 structures are kinase domains in complex with various types of inhibitors
that belong to several chemical families (figure 2.2 on the following page).

The pyrimidine ring of the adenine which characterized ATP-like ligands is found as basic
moiety in several groups of inhibitors: aminopyrimidine, pyrazolopyrimidine, pyridopy-
rimidine and quinazole derivatives.

Dihydroindolone and an isomer of it characterize other two classes of compounds. Stau-
rosporine, which is a well-known ATP-competitive inhibitor with a wide range of action
among protein kinases [237] and its analogues are dihydroisoindolone based molecules.
Recently, tyrosine kinase domains have been crystallized in complex with two aminoxa-
zole derivatives. Finally, the last two inhibitors taken into consideration are a flavonol
(quercetin) and an azepinone (debromohymenialdisine).
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Figure 2.2: Famailies of compounds. 2D-molecular structures of the ligands found in com-
plex with the kinase domain. Names of compounds and families are reported. Annotations
of the ligand cores are given in squared brackets (referring to figure 2.4 on page 48)
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In order to analyze the protein-ligand interactions computer-aided visualization of the
complexes was used. The ligands interact with the kinase domain via hydrogen bonds
to the hinge region and more or less extended hydrophobic interactions with the region
expanding from the hinge towards the nucleotide-binding loop and/or the aC helix.

2.3.3 Common residues in the complexes

For each complex the residues interacting with the ligand were studied by examination
of a protein area of 4.5 A in the proximity of the ligand. The amino acids found were
compared at the sequence level by means of multiple sequence alignment of all structures
taken into account. This procedure allowed the highlighting of common residues involved
in conserved interactions between the ligands and the kinase domains. In all complexes
the common ligand-protein interaction pattern is constituted by hydrophobic interactions
involving 4 residues and a single hydrogen bond.

These residues in the case of insulin receptor correspond to: Alal028 (from the core of
the N-terminal lobe), Met1139 (from the C-terminal lobe), Leul002 and Vall1010 of the
nucleotide-binding loop and Met1079 of the hinge region (figure 2.3).

Ala1028

Val1010

-
-
-
-
Pras
R

Met1139

Figure 2.3: Common interaction pattern in the ligand-kinase domain complexes. Sec-
ondary structure of the kinase domain of insulin receptor (11R3) is represented as a tube
(magenta), ATP analogue in ball-and-stick representation and the common residues as
color-coded sticks (carbon in cyan for the ligand and magenta for the protein, oxygen in
red, nitrogen in blue, sulphur in yellow and phosphorus in orange and the hydrogen bond

as black dashed line).

2.3.4 Defining and determining the ligand core

Superposition and visualization of the complexes permitted to depict in which part of
the protein the conserved residues interacting with the ligand are localized. Common
interactions are found at the same binding region in all structures, called adenine region
in a previous work [74].

The moiety of the ligand interacting with this region was examined and defined as ”ligand
core”. The results of this analysis are summarized in figure 2.4 on the following page.
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It was generally possible to cluster ligand cores based on the ligand families with each
family having a single ligand core. However, for STI-571, the ligand core was determined
twice because of the two different modes of binding found in 4 complexes e.g. one involving
the pyridine and the other the pyrimidine moiety (namely STI-571 bound to Abl (pdb
codes: 1IEP [235] and 10PJ [82]), Kit (1T46 [73]) and Syk (1XBB [239])).

R
\ R
| o | >

D \N’\x_ H OAN—
Rlo :

Figure 2.4: Ligand cores. In the drawn structures, R is in accordance with the rest of the
molecules as in figure 2.2 on page 46. Arrows indicate, for each ligand core, the atom
inmwvolved in the hydrogen bond to the hinge region.

2.3.5 Amino acid variability around the ligand core

For the 4 residues involved in hydrophobic interactions with the ligand cores, a consensus
on the type of amino acid was expected. In fact, the hydrophobic character of these
residues was checked by means of multiple sequence alignment (data not shown) of cat-
alytic domains of 90 tyrosine kinases [38,127]. The amino acids variability at the four
positions was calculated based on the multiple sequence alignment and is reported in ta-
ble 2.1 on the next page.

The table shows that at each position there is a rather dominant amino acid type. The
alternative residues have always hydrophobic side chains, and thus the variability con-
cerns only their bulkiness.
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Table 2.1: Amino acid variability of the hydrophobic pattern interacting with the ligand
core. Variance (expressed in percentage) of the amino acid type at the positions (numbering
referred to insulin receptor) involved in hydrophobic contacts with the ligand core. The
data reported about the amino acid variability of the protein kinases [74] differ slightly in
their values from the data here presented. This is most likely due to the used data sets,
here only protein tyrosine kinases are considered which are a subfamily of the protein
kinases. Nevertheless, the relative preference of amino acids shown here corresponds to
the previous report [74].

Leul002 69% Leu
30% Ile
1% Val
Vall1010 96% Val
3% Ile
1% Leu
Alal028 92% Ala
4% Ile & Val
4%  Cys,Phe & Leu
Met1139 89% Leu
9% Met
2% Val & Phe

2.3.6 Active/inactive: residues movements

The superposition of the apo and the ATP-bound crystal structures of the kinase domain
of the insulin receptor revealed that a conformational change occurs upon ligand binding
(see figure 2.5 on the following page). The N-terminal lobe is moved towards the second
lobe when the ligand is bound, narrowing the cleft of the ATP-binding site.

To estimate the domain’s closure around the ligand core, distances between amino acids in
the N-terminal and C-terminal lobe were measured (reported in table 2.2). The selected
residues are the ones involved in the common interactions: from the Ca of Met1139 (C-
terminal lobe) to the Car of Leul002, Val1010 and Alal028 (N-terminal lobe).

Distance variations (range 0.8-2.2 A) shown in table 2.2 are meaningful of a conformational
change between the productive and the unproductive structures. Whereas the variation of
distances measured in other regions of these two complexes is significantly smaller (0.1-0.3

A).
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Figure 2.5: Conformational changes around the ligand core. The superposition of active
and non-active conformations of insulin receptor is depicted here. The protein main chain
(tube representation) and the common residues (sticks representation) are colored in ma-
genta (1IR3) and in green (1IRK). Adenine of the AMP-PNP is also drawn as sticks
(in blue the nitrogen atoms and in light grey the carbon atoms), the pyrimidine moiety
represents the ligand core.

Table 2.2: Distances between residues of the N-terminal lobe and Met1139. Distances in
Angstrom from Ca of the Met1139 to Ca of the N-terminal lobe residues are reported. The
inactive conformation is labeled "Inact” (resolution: 2.1 14) and the active conformation
7Act” (resolution: 1.9 A).

Inact Act A
Alal028 122 114 0.8
Leul002 13.6 11.8 1.8
Vall1010 15 12.8 2.2
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2.4 Conclusion

In the present study, by the comparison of the structures of the tyrosine kinase domain in
complex with ligands, we could show that binders of this protein family share a common
feature that we called "ligand core”. As a consequence, the interactions involving this
part of the molecule were understood as minimal requirements for binding: a hydrogen
bond to a main chain atom of the hinge region and apolar interactions with the side chain
of 4 residues with conserved hydrophobic character.

This represents a reduction of the complexity for the pharmacophore compared to the
adenine of the ATP that binds the hinge region via 2 hydrogen bonds.

The domain’s closure upon ligand binding, calculated for the insulin receptor structures
reveals that the ligand is likely to stabilize the protein conformation with the ligand core
playing the major role. Other tyrosine kinase domains have been crystallized in their apo
and ligated forms, and their conformational changes were checked by measurements of
the distances earlier mentioned. The distance’s variations are smaller and less apprecia-
ble than the ones reported for insulin receptor. This fact is due to several experimental
aspects (size of ligand, presence of other domains interfering with the catalytic one, phos-
phorylation of the activation loop, conditions of crystallization, etc.) that might lead to
differences in the degree of closure of the two lobes. This is in agreement with the general
idea of protein "breath” [241].

In the year 2004 a similar study was published by Vulpetti and Bosotti [74]. The

approach used and the considerations and point of view in this study and theirs are
slightly different leading towards different and complementary results.
While we focused on defining the ligand core, the authors identified 38 residues of the
catalytic domain of protein kinases which built up the ATP pocket. They studied the
amino acid variance among the protein family focusing on how to achieve ligand binding
selectivity. This work and the list of the ligand cores will extend with the number of the
ligand-tyrosine kinase structure solved. The knowledge of the ligand cores might be useful
in drug design when hypothetical ligand-binding modes are considered and suggested, for
example while validating the results achieved from docking methods.



2.4.1 Supplementary information available

Table 2.3: The table collects the PDB codes and other information of all tyrosine kinase

complexes taken into consideration in the present study

PDB code kinase ligand year || PDB code kinase ligand year
1IR3 InsR ANP 1997 || 10PJ Abl STI 571 2003
1GAG InsR ATP-pept 2001 || 1OPK Abl PD166326 2003
1144 InsR ACP 2001 || 10PL Abl PD166326 2003
1RQQ InsR ATP-pept 2003 || 1XBB SYK STI 571 2004
1JQH IGFR ANP 2002 || 1XBC SYK Staurosporine 2004
1K3A IGFR ACP 2001 || 1U59 ZAP-70 Staurosporine 2004
1AGW FGFR1 SU4984 1998 || 1IBYG CSK Staurosporine 1999
1FGI FGFR1 SU5402 1998 || 1QPJ LCK Staurosporine 2000
2FGI FGFR1 PD173074 1999 | 1QPD LCK Staurosporine 2000
10EC FGFR1 AA2 2004 || 1QPC LCK ANP 2000
1IM17 EGFR Erlotinib 2002 || 1QPE LCK PP2 2000
1XKK EGFR Lapatinib 2004 || 1SNU ITK Staurosporine 2004
1Y6A VEGFR2 AAZ 2005 || 1SM2 ITK Staurosporine 2004
1Y6B VEGFR2 AAX 2005 || 1AD5 HCK ANP 1997
1PKG KIT ADP 2003 || 2HCK HCK quercetin 1997
1T46 KIT STI 571 2004 || 1QCF HCK PP1 1999
1ROP MET K-252A 2003 || 1YVJ JAK3 Stauro-anal 2005
1JPA EPHR-B2  adenine 2001 | 1U54 ACK1 ACP 2004
1IMQB EPHR-A2 ANP 2003 || 1U4D ACK1 DBQ 2004
1FPU Abl PRC 2000 || 2SRC Src ANP 1999
1IEP Abl STI 571 2001 || IKSW Src ATP anal 2002
1M52 Abl PD173955 2002 || 1MPS8 FAK ADP 2003
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Chapter 3

Structural arrangement and ligand
binding features by TK domains
comparison

3.1 Abstract

In this chapter the collection of crystallographic structures of tyrosine kinase domains
is reported as well as their multiple sequence alignment. Five newly defined clusters of
residues of the KD are used to highlight conformational changes between different states
of TKs. The way of arrangement of these clusters is used to classify the proteins in groups
with similar dynamic behavior. Moreover, a pool of amino acids at the interface between
the two lobes is identified as possible key feature responsible for structure disposition and
dynamics of the KD.

Different ligand bindings are presented and their chemical characteristics are discussed
as well as their pharmacological aspects. Finally, the issues of ligand conformational
selection versus induced fit in the framework of tyrosine kinases is explained based on
some examples.

3.2 Introduction

Protein tyrosine kinases (PTKs) constitute a large family of enzymes branched off the
eukaryotic protein kinase superfamily during organisms evolution [51]. During the past
years the crucial role of these macromolecules have been recognized in the normal physi-
ology of animals [17]. On the other hand, their disregulation have been largely implicated
with several diseases with a major component in tumors [39]. Based on the sequence iden-
tity, tyrosine kinases are classified in two groups, receptor tyrosine kinases (RTKs) and
non-receptor tyrosine kinases (nRTKs), further by several subfamilies [52]. The multiple
sequence alignment of PTKSs reveals a common part, the kinase domain (KD), with 12
conserved subdomains [52], reviewed in chapter 1. During the last decades, this protein do-
main was intensively studied, under several aspects such as function, regulation, structure
and dynamics. Important characteristics of the kinase domain were elucidated through
structural investigations, as for example the spatial arrangements of non-productive and

33
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productive KD states [67,68], the auto-inhibitory characters [115,117] and ligand-binding
inhibition [235]. More than 100 crystallographic structures of the KD are publicly avail-
able and many more studies concerning other aspects can be found in the literature.
Several definitions and classifications of KD features have been described, for examples
the Gly-rich loop, A-loop, C-helix, DFG motif, etc., within the introductory chapter.

Despite the efforts, the issue concerning the role of single amino acid stretches in
determining the stability of a privileged conformation is not completely solved. Here,
an updated (March 2007) collection of crystallographic structures of kinase domains is
reported and a new vision concerning structure and dynamics to further address the
above mentioned issue, is given. With the comparison of these structures, 5 clusters of
residues were defined as important for determining the state of the kinase. Their concerted
movements and three-dimensional dispositions appeared to be shared between KD states
from different PTKs. Furthermore, some characteristics of ligand-protein complex are
revealed mainly based on the prototype of TK inhibitors: Imatinib.

3.3 Materials and Methods

3.3.1 Collection of information

138 structures of the catalytic domain of 30 unique tyrosine kinases were downloaded
(March 2007) from the website of the protein databank (PDB) (at www.rcsb.org/pdb-
/home/home.do). The PDB was screened in different ways for the sake of completeness:

- using the standard enzyme commission (EC) number [242]. Tyrosine kinases were
first identified with E.C. 2.7.1.112 and later changed to 2.7.10.1 for RTKs and
2.7.10.2 for nRTKs. However, the annotation is not always respected as for ex-
ample in the PDB files: 1JPA, 1QCF, 1IRK and 1PKG;

- via BLAST [218] search for sequence similarity. Using the primary sequence of a
tyrosine kinase domain as query, the database can be screened and results are listed
for similarity distance. Of course, the lower the similarity to the sequence reference
the higher is the possibility that unrelated proteins are picked up;

- with the keyword ”tyrosine kinase”. But here, again the results depend on the
annotations which are not always consistent. Furthermore, the structures of other
parts of the TK proteins are found in abundance, like the SH2 domains.

The results obtained with these queries were then checked and compared, and only the
consensus of the PDB entries was used for the study. The PDB entry codes and general
descriptions of the KDs can be found in table 3.2 on page 74.

The reference publication for each structures were consulted, if available, for further
specifications on the structures.

To collect the primary structures of tyrosine kinases, the ExpPASY (Expert Protein
Analysis System) proteomics server (at us.expasy.org/sprot/) was used. Entries were
collected and downloaded from the website, using the single TK name as query.
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3.3.2 Alignment of TKs’ sequences

The amino acid sequences of the collected kinase domains were aligned by means of BODIL
[61] and CLUSTALX [243] in a two-step procedure. Firstly, a 3D-based structural alignment
of the crystallographic structures of the unique KD was performed using the VEERTA
module of BODIL. Then, the obtained alignment was used as template in CLUSTALX to
carry out the final multiple sequences alignment of the entire set of TK sequences (90).
The full lengths sequences were added in several steps with the alignment and isolation of
the catalytic domains after each step. The alignments were carried out with the Gonnet
scoring matrix [244]. The penalty value 10 and 20 were applied for gap opening and
gap extension, respectively. Final multiple sequence alignment was obtained after manual
optimization of the loop regions.

3.3.3 Alignment of TKs’ structures

For structural comparison of catalytic domains, two modules of BODIL software package
were used namely the VEERTA and RMSD programs. The program VEERTA allows auto-
mated pairwise alignments of protein structures without initial information, like sequence
alignments [61]. Thus, it was used for revealing general structural similarity between two
KDs. To appreciate relative movements of protein portions, the RMSD module, carrying
out the structural alignment of desired subsets of atoms, was used.

3.4 Results and Discussions

3.4.1 The KD features

Proteins experience thermodynamic movements due to the energy of the system at a
given temperature: the "breath” of proteins [241]. The kinase domain displays also larger
movements undergoing changes of the protein state, from "off” to "on” and vice versa.
The comparison of the crystallographic structures reveals that the relative position of the
two lobes, N- and C-lobe, varies depending on the state of the protein (productive vs.
non-productive). The principal changes seem to be the result of rotation and bending
around the interface of the two lobes.

These motions appear to be coupled with the A-loop element which can variate largely
in its conformation. This element is supposed to interchange several conformations be-
tween two extreme positions, the "close” form (Abl-inactive like form), with a compact
fold disturbing the center of reaction (as displayed in 1IRK for Insr), and the "open” form
with an extended conformation (in 1IR3 for Insr). On the one hand, the open conforma-
tion, often stabilized by phosphorylation of A-loop tyrosine/s, is associate with the top
of the enzymatic activity and is assumed to exist for all TKs. On the other hand, the
close conformation is more variable and raises the question whether this Abl-inactive like
form [70] is always achieved by all the members of TK protein family.

Smaller structural changes are revealed, at the N-lobe, by the relative positions of the
C-helix with respect to the 3-sheet composed of 5 anti-parallel strands. These motions are
supposed to tune the activity via formation of interaction between two conserved residues:
the lysine of the third strand and the glutamate from the C-helix. The glutamate serves
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for the correct positioning of the lysine which catalytic role is to bind the cofactor, ATP.

Important movements are observed for the conserved DFG motif that goes from an
Asp-out position in the non-productive state to an Asp-in position in the productive one.
This is coupled with the A-loop motion being at the beginning of this element and serves
to align its aspartate to chelate one of the counter-ion (Mg*™) of the cofactor. The
phenylalanine position appeared to be fixed by the hydrophobic packing of residues at
the C-terminus of the C-helix and residues from the C-lobe. These general mechanisms of
the catalytic moiety seem to have evolved with different characteristics for the members
of the protein family.

While the features described above have been reported already in the literature, the
crystal structure comparison within this work aimed to depict further key elements, if
any, that may be ruling the dynamics of TKs. This is an attempt to address the question
whether there are stretches of amino acids favoring or disfavoring the acquiring of a given
conformation e.g. the Abl-inactive like form.

The observation of the crystallographic structures to depict changes in the rearrange-
ments of KD portions, guided the definition of five different hydrophobic clusters of amino
acids! involved together in specific movements or functions.

Cluster 1: hydrophobic core 1 (H1), defined as the residues taking part of the hydropho-
bic core of the N-lobe; in cyan.

Cluster 2: hydrophobic core 2 (H2), residues of the hydrophobic core of the C-lobe; in
blue.

Cluster 3: the phenylalanine of the DFG motif; in brown.

Cluster 4: the ”binding-core” residues interacting via side chain with ligand-core (as
defined in chapter 2 on page 43; in pink.)

Cluster 5: residues from the middle to the C-terminal of the inner face of the C-helix;
in yellow.

Although, the residues belonging to the clusters are conserved in the hydrophobic charac-
ter of the side chain throughout the analyzed kinases (see following alignment). Exceptions
are also found; polar amino acids contribute to the hydrophobic clusters with their carbon
skeleton and/or with neutralized ionic pairs (e.g. Glul104, Lys1174 of Insr).

The question raised is whether there is a correlation between the hydrophobic clusters
and the known dynamical behavior.

In the following list the colors are related to the cluster identification in the figures of this chapter.
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Insr ERT D QFNPKMRBT NEBBEKDDLHPSF
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EphA4 S EMM Q QKERSDREK NMEDKLIRNPN
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EphB3 S EMM Q VRDRNLEBRK NEEDKLIRNAA
Erbb2 S EBM M MIDSECRER! SEESRMARDPQ
Fgfri S ERF M HAVPSQRBT EBBDRIVALTS
Fgfr2 S ERF M HAVPSQRBT EBEDRILTLTT
Vgfr2 S ERF Q HGEPSQRBT EBBGNLLQANA
Kit S ERF D DADPLKRBT QOBEEKQISEST
Csfir S ERF S ALEPTHRBT SEEQEQAQEDR
F1t3 S EMF I AFDSRKREBS SEEGCQLADAE
Ret S ERV .ER R KQEPDKRBV KBBEKMMVKRR
Tie2 S ERV .AE D REKPYERBS VEBNRMLEERK
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Btk A ERYSEEKMBME . . ............ RFTN.SE@BEH EKNMM T HEKADERBT SMELDVMDEES
Csk S ERYSEEGRVEBMP . . . ........... RIPL.KDMMPR PANMIE HLDAAMRBS EQBEEHIKTHEL
Lck S ERVEBEGRIBNMP . . ............ GMTN . PEMBQN EEBMQ KERPEDRBT SMBEDFFTATE
Hck S ERVIEBMERTIBMP . . . ........... GMSN .PEMERA EEBMN KNRPEEREBT SMEDDFYTATE
Fyn S ERVEEGRVBMP . . . ... ........ GMNN . REMBEQ ISBHE KKDPEERBT SEBEDYFTATE
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Jak2 S ERF SPPAEFMRMIGNDKQGQMIVFHEEEL DERMM NNNVNQRES LEMDQIRDNMA
Jak3 S ERF SPSAEFLRMMGCER.DVPALCREBEBEL AEMEE APSPQDREBS PEBDMLWSGSR
Ackil M EMFEMGOERWI . . . ........... GLNGSQIBHKI QDEMN AHKPEDRBT DEELEAQPTDM
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Figure 3.1: Multiple sequence alignment of the KDs investigated. An extract of the alignment obtained as described in materials and
methods is reported with single-letter code for amino acids. Just the sequence of kinases whose structure was experimentally resolved
is shown. Names of the kinases are shown on the left and numbering is according to the Insr sequence (list and pdb codes in table 3.2
on page 74). Regions of the alignment are color-coded to identify the clusters defined previously and the catalytic residues. Cyan
for cluster 1, blue for cluster 2, brown for cluster 3, pink for cluster 4, yellow for cluster 5 and red for catalytic residues.
mainly hydrophobic residues are found in the cluster regions, polar amino acids also contribute to it with their carbon skeleton. On
the top, the known regions are reported and at the bottom the secondary structure assignment of Insr structure, 1IRK, is shown.

Furthermore, the 12 subdomain as defined in [52] are found below the sequences (roman numbers).
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The ”Insr-like” behavior

The dynamics of the kinases that belong to this group, are inferred from the crystal-
lographic structures of Insr KD of the non-productive and productive state, 1IRK and
1IR3, respectively. In the basal conditions the non-productive conformation of the en-
zyme (see figure 3.2a on the next page) is maintained by the close form of the A-loop,
which is stabilized by a network of hydrogen bonds (Hbonds) [92] and interferes with the
binding of substrate and cofactor. The DFG motif is in the Asp-out conformation with its
phenylalanine sandwiched between the binding-core residues. This interaction disturbs
the binding of the ligand-core and is likely to restrain the uncoupled movements of the
two lobes.

When activated the Insr undergoes specific changes of the 5 clusters (see figure 3.2b
on the facing page). The phosphorylation of the tyrosines at the A-loop stabilizes its
open form. The DFG motif switches into the Asp-in conformation with the phenylalanine
trapped under the C-terminal of the C-helix by hydrophobic interactions. The C-helix
swings down and toward the catalytic center bringing its glutamate to interact with and
positioning the lysine of the third strand.

This movement is permitted by the rearrangement of the van der Waals contacts
between the inner face of the helix and the (-sheet. Furthermore, the interaction of the
adenine ring (the ligand-core) of ATP to the binding-core as well as the hydrophobic
interactions of the phenylalanine of the DFG motif fixes the relative position of the two
lobes favoring the catalysis.

Although, in absence of ligands a higher stability of the non-productive form, compared
to the productive one, was obtained [245], the crystal structures revealed that the binding
of ligands results in lower B-values for atoms in the productive conformation than in the
non-productive [245]. Thus, the minor fluctuations of the two lobes might be necessary to
trigger the phosphoryl-transfer by favoring the correct positioning of substrate, cofactor
and catalytic side chains, with the consequent decrease of the entropic term of the reaction.

The comparison of X-ray structures of Kit (in figure 3.2 on the next page) depicts
similar features for the transition between the inactive to the active form. Thus, the
Insr dynamical behavior is expected also for the members of the Pdgfr family. However,
the fine tuning of the movements may vary because residues in C-terminal position to
DFG-motif and the Gly-rich loop interact in a different manner for Kit KD compared to
Insr. A further difference of the two kinases is the small change of the C-helix position
with the interaction between the catalytic glutamate and lysine which is already formed
in the non-productive Kit (see figure 3.2c on the facing page). This suggests that the
productive conformation could be closer to the non-productive one compared to Insr.
Considering the presence of the juxtamembrane domain, whose role is to inhibit the
enzyme [246] (see on chapter 4 on page 79 for details), it is conceivable that the C-helix
movement of Kit can be different than Insr. While, in Insr, part of the regulation of the
catalytic efficiency may be achieved via extended conformational changes, the presence of
an "external” regulatory factor such as the juxtamembrane domain allows a reduction of
the conformational changes needed for maintaining the control of the catalytic efficiency.
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(¢) non-productive Kit (1T45) (d) productive Kit (1PKG)

Figure 3.2: Non-productive and productive states of the tyrosine kinases having ”Insr-like”
behavior. The crystallographic structures are identified by the PDB code in between round
brackets. The protein chains are shown as gray ribbon and specific residue clusters are
represented with the external molecular surface and color coded. In cyan the hydrophobic
regions 1 (H1), in blue the hydrophobic regions 2 (H2), in pink the hydrophobic residues
interacting with the ligand cores (as defined in [75]), in yellow the main hydrophobic
residues of the C-heliz and in brown the phenylalanine residue of the DFG-motif. The
atoms and bonds are represented as sticks for the residues involved in the enzyme catalysis
and for the ligands. The ligand-core atoms are shown in CPK. All represented atoms are
color-coded: mitrogen in blue, oxygen in red, chlorine in green, phosphorus in orange and
carbon in gray for protein atoms and magenta for ligand-atoms.
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The ” Cdk-like” behavior

The first deviation from the normal mode (”Insr-like”) is so far reported for two tyrosine
kinases, Egfr and Csk. The term ”Cdk-like” reveals the need of a second protein portion,
interacting with the C-helix, for enzyme catalysis, as described for Cdks [111]. This
idea was recently suggested by a study on Egfr showing crystallographic dimer formation
in agreement with an increase of activity due to high local concentration of KD [72].
Despite the presence of the ATP mimicking molecule, the conformation in the PDB file
2GS7, depicted in figure 3.3a on the facing page, is likely to be representative for the non-
productive conformation where the A-loop folds in an intermediate conformation and the
position of the phenylalanine of the DFG motif is not yet fixed below it, as in the ”Insr-
like” mode. In contrast the structure in which the formation of a crystallographic dimer
has been observed (2GS2) is likely to represent the productive state. The second monomer
interacts with the outer face of the C-helix pushing this element closer to the reaction
center with the consequent formation of the glutamate-lysine pair (see figure 3.3b on the
next page).

Although, it may be argued whether Egfr is a TK representative case for the Cdk-like
behavior, because the crystallographic results may be partially due to methodological
artifacts, the stabilization of the active conformation by an external help for achieving
the catalytic conformation was already known for Csk [172]. The non-productive Csk in
complex with Staurosporine has a distort conformation of the C-helix with the glutamate
separated from the lysine by the phenylalanine of the DFG motif (see figure 3.3c on the
facing page). However, this might not be the only non-productive state but rather an
intermediate configuration trapped by the ligand. In the active conformation of the KD
of Csk (figure 3.3d on the next page) the linker between SH2 and SH3 domains interacts
with the external surface of the C-helix which assume a position in which the essential
catalytic glutamate-lysine pair is formed.

The ”Src-like” behavior

The characteristics of Src kinase domain are likely to be extendible to the proteins of
the same family, namely Src, Lck, Fgr, Fyn, Yesl, Blk, Hck and Lyn, as judged by
the comparison of the available crystallographic structures of the family members. In
addition to the catalytic moiety these proteins are composed by SH2 and SH3 domains,
which structural arrangement have been suggested for KD auto-inhibition [247]. Thus, the
apo/non-productive conformation deviates from the normal arrangements of the 5 defined
protein portions, as depicted in figure 3.4a on page 64, with the major change in the closer
configuration of the two lobes. The more compact structure of the inactive state leaves no
space between the lobes for the C-helix to reach the catalytic center of the protein. The
phenylalanine of the DFG motif is packed, as in the productive conformation, between
the C-helix and the C-lobe upper face (with the respect of the view in the figures) and
the dynamics of the A-loop appears to be restricted to an intermediary conformation.
Until the recent publication of Src in complex with Imatinib [70], it was thought that
Src-family elements would not be able to achieve a closer conformation of A-loop and
the Asp-out form of the DFG-motif under physiological conditions. This conclusion was
drawn because the displacement of the inhibitory domains from the auto-inhibited form,
increases the catalytic activity [247,248] leading to the phosphorylation of the tyrosine



3.4 Results and Discussions 63

)
(¢) non-productive Csk (1BYG) (d) productive Csk (1K9A)

Figure 3.3: Non-productive and productive states of the tyrosine kinases having ”Cdk-like”
behavior. The crystallographic structures are identified by the PDB code in between round
brackets. The protein chains are shown as gray ribbon and specific residue clusters are
represented with the external molecular surface and color coded. In cyan the hydrophobic
regions 1 (H1), in blue the hydrophobic regions 2 (H2), in pink the hydrophobic residues
interacting with the ligand cores (as defined in [75]), in yellow the main hydrophobic
residues of the C-heliz and in brown the phenylalanine residue of the DFG-motif. The
atoms and bonds are represented as sticks for the residues involved in the enzyme catalysis
and for the ligands. The latter has the ligand-core atoms in CPK representation. All
represented atoms are color-coded: mnitrogen in blue, oxygen in red, chlorine in green,
phosphorus in orange and carbon in gray for protein atoms and magenta for ligand-atoms.
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(a) non-productive form of Src  (b) bound-active form of Src (1Y57)
(1FMK)

(¢) bound-inactive form of Src (201Q)

Figure 3.4: Apo-form and bound-forms of Src. The crystallographic structures are iden-
tified by the PDB code in between round brackets. The protein chains are shown as gray
ribbon and specific residue clusters are represented with the external molecular surface and
color coded. In cyan the hydrophobic regions 1, in blue the hydrophobic regions 2, in pink
the hydrophobic residues interacting with the ligand cores (as defined in [75]), in yellow
the main hydrophobic residues of the C-heliz and in brown the phenylalanine residue of
the DFG-motif. The atoms and bonds are represented as sticks for the residues involved
in the enzyme catalysis. The ligand is depicted in CPK. All represented atoms are color-
coded: nitrogen in blue, oxygen in red, chlorine in green, phosphorus in orange and carbon
i gray for protein atoms and magenta for ligand-atoms.
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residue of the A-loop and the stabilization of the active enzyme.

Conformations similar to 1IFMK are seen for Hck structures in complex with ligands
(PDB codes: 1AD5, 2HCK, etc.) where a larger distance between H1 and H2 is achieved
for the presence of the interaction between the ligand-core and the binding-core.

The comparison of the non-productive (figure 3.4a on the preceding page) with the
productive state (figure 3.4b on the facing page) of the KD confirms the proper confor-
mation taken by the release of the SH2 and SH3 domains for protein catalysis. Beside
the opening of the two lobes, the major structural variation, is the swing of the C-helix
positioning its glutamate for binding the lysine. A similar productive state conformation
has been seen for Fyn (PDB code: 2DQT), Lek (3LCK, ete.) and Hek (2HKS, etc.).

Interestingly, an arrangement of the 5 clusters comparable to the one of non-productive
form of the kinases with ”Insr-like” behavior has been observed by Src-family elements
while binding ligands favoring this less populated conformation [70]. As demonstrated by
the crystallographic structure of Src bound to Imatinib (PDB code: 201Q) (in figure 3.4¢
on the preceding page) and Lck with furano derivatives (20FV and 20G8), the ligand
spans the length between the surfaces of the two lobes interacting at the binding-core
and in the space usually filled by the phenylalanine of the DFG motif in the active
conformation. In the resulting state, the displaced phenylalanine extends the interaction
of the C-lobe part of the interaction-core with the ligand-core.

A possible TK behavior

Based on the observation of the apo-structures of Vegfr and Syk and on pharmacological
results of Ret, a question is raised whether some tyrosine kinases may exhibit an ”always-
active” behavior. These TKs have all the crucial elements always in place for fostering
the reaction despite the absence of substrates, co-substrate and phosphotyrosines. Vegfr
and Ret KDs are classified in this class because no major changes are present in different
crystallographic results independently from the phosphorylation state. Their experimental
structures have very similar conformation with small changes in the case of Vegfr and tiny
ones for Ret. The apo form of Vegfr (PDB code: 1VR2, depicted in figure 3.5b on the
following page) shows that all residues involved in the catalysis are placed correctly for
supporting the reaction. All the 5 clusters of residues are in productive position, only the
phenylalanine of the DFG can change conformation as seen in the other crystal structures
of the same kinase in complex with ligands. The extreme example is reported in figure 3.5a
on the next page. The DFG motif is in the Asp-out conformation allowing the ligand to
bind between the two lobes in an Imatinib-like manner. The phenylalanine packs against
some of the residues of the binding-core cluster and the whole conformation appears a
bit more tighter than the apo form. A second example (here not reported) is found
in the PDB file 1YWN where the A-loop is phosphorylated and it is in a sort of close
conformation, which seems to be induced by the ligand.

The catalytic efficacy is 10-fold enhanced by the phosphorylation of the tyrosine residue
at the A-loop [151] which is supposed to further stabilize the conformation of this element
(not visible in the crystallographic structure of the apo form).

Recently, four Ret structures (not shown) were published in complex with different
ligands and in different state of phosphorylation [158]. The comparison of phosphorylated
and non-phosphorylated states reveal the same arrangements of the whole protein which,
as in Vegfr, appears ready for catalysis. The apo form is not there for telling us about
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(a) ligand-inhibited form Vegfr (b) apo-form Vegfr (1VR2)
(2P2I)

Figure 3.5: Apo-form and bound-form of Vegfr. The crystallographic structures are iden-
tified by the PDB code in between round brackets. The protein chains are shown as gray
ribbon and specific residue clusters are represented with the external molecular surface
and color coded. In cyan the hydrophobic regions 1 (H1), in blue the hydrophobic regions
2 (H2), in pink the hydrophobic residues interacting with the ligand cores (as defined
in [75]), in yellow the main hydrophobic residues of the C-heliz and in brown the pheny-
lalanine residue of the DFG-motif. The atoms and bonds are represented as sticks for
the residues involved in the enzyme catalysis and for the ligands. The ligand is shown
i CPK. All represented atoms are color-coded: nitrogen in blue, oxygen in red, chlorine
in green, phosphorus in orange and carbon in gray for protein atoms and magenta for
ligand-atoms.
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structural changes of this form. However, small changes (an increment of 3-4 folds)
of catalytic efficacy are reported for the phosphorylated state [158]. The fact that the
catalytic efficiency is increased in the phosphorylated state (stable productive form) may
also reflect the observation that, in the non-phosphorylated state the productive form is in
equilibrium with a less populated but existent non-productive one. Thus, further studies
are needed before the category of the always-active can be clearly defined.

Structural considerations: the H1-H2 interface

As stated before, the movements of the N-lobe and C-lobe leading to a change of state in
some kinase domains are understood as rotations, bending and sliding, which appeared
independent for one hydrophobic core with respect to the other one. This partial freedom
in the dynamics of the two lobes, prompted the analysis of the interface between H1 and
H2 aimed to identify the putative mechanism for KD movements. Thus, based on the
Insr crystallographic structures, 6 residues from H1 and 8 from H2 were identified and
investigated (reported in table 3.1 on page 70).

The visual inspection of the two faced regions (figure 3.6 on the next page and figure 3.7
on page 69), formed either by residues from H1 or H2, revealed predominant van der Waals
contacts and two polar interactions.

While the first electrostatic link is the hydrogen bond between the main chain atoms
of Vall087 (H1) and Ile1175 (H2) the second one is the side chain interaction between
a glutamate, Glul104 (H1), and a lysine, Lys1174 (H2). The latter two residues are
highly conserved throughout the tyrosine kinase family and this bonding is present in
a large set of the experimental structures. Residues from H1 and H2 form two planes,
observing the interface from the protein inside (figure 3.6 on the next page), and sort
of pawls looking the back face (figure 3.7 on page 69). In details, Lys1174 and Tyr1149
from H2, both well conserved, embed H1 by holding Cys1083, Val1086 and Vall087. At
the position of the valine residues, in Insr, the other TKs sequences reveal a maintained
hydrobophic character by frequent substitutions to either leucine or isoleucine. Cys1083,
often substituted by histidine in other TKs, seats on the Ca-atom of Gly1146. Taking
a closer look, glycine at this position might be needed to support the movements of
H1 without sterical hindrance. This is confirmed by the high degree of conservation of
the glycine. Within the alignment, the amino acid is exchanged with alanine in few
cases. Furthermore, the Ca of alanine is in plane with the interface, as observed on Abl
structures.

Two variations of the interaction pattern for the defined interface are found comparing
the non-productive and the productive structures of Insr (1IRK and 1IR3, respectively).
The first, regards a single bond rotation of the side chain of Met1104 (from the hinge
region) that results in a minor loss of van der Waals contact with Vall167 and Lys1174
(carbon chains). The second, a larger one, involves the change of packing among the
residues, Phel081, Cys1083, Vall086, Leul150, Phel155 and Ile1175, with major rear-
rangements for residues at position: 1081, 1150 and 1155 (see figure 3.6 on the next
page). A switch of the conformation for the latter residues is frequently seen, although
not always, between productive and non-productive states depicted by the experimental
structures of TKs.

In a plausible scenario, the movements of the N- and C-lobe have their focus at this
interface with changes of the hydrophobic contacts and the conservation of the two polar
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(b) productive

Figure 3.6: H1-H2 interfaces for Insr non-productive (a) and productive states (b), view 1.
The residues found at the interfaces in the two crystallographic structures are represented
i sticks, labelled and color-coded for atoms: gray for carbon, red for oxygen, blue for
nitrogen and yellow for sulphur. The surfaces of the atoms are also represented and color-
coded for clusters, cyan for H1 and blue for H2. The amino acids labeled in (b) experience
the highest side chain movements while the others are superimposable.
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(b) productive

Figure 3.7: H1-H2 interfaces for Insr non-productive (a) and productive states (b), view 2.
The view is rotate 180 degree compare to figure 3.6 on the facing page. The residues found
at the interfaces in the two crystallographic structures are represented in sticks, labelled
and color-coded for atoms, gray for carbon, red for oxygen, blue for nitrogen and yellow

for sulphur. The surfaces of the atoms are also represented and color-coded for clusters,
cyan for H1 and blue for H2.
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Table 3.1: Residues found at the interface of the two lobes and belonging to H1 and their
interaction partners in H2 are reported. Numbering according to the fasta sequence and,
in between brackets, the correspondent from the 1IRK PDB file.

N-lobe residues C-lobe partners
Phel081 (1054) Phel155 (1128)
Leull50 (1123)
Tyr1149 (1122)
Cys1083 (1056) Gly1146 (1114)
(1122)
(1114)

Tyr1149 (1122

Val1086 (1050) Gly1146 (1114
Te1175 (1148)
Val1087 (1060) Te1175 (1148)

Lys1174 (1147)
Glul104 (1077) Lys1174 (1147)
Met1106 (1079) Vall167 (1140)
Lys1174 (1147)

interactions. Thus, the ideal centroid would have intermediate coordinates between the
two electrostatic bonds. However, major rearrangements of this area cannot be expected.
Being the fulcrum, small variations, in the region, account for larger ones at the far
extremities of the protein structure.

The hypothesis is indirectly proved by the highly conserved nature of the residues of
the H1 and H2 interface. Interestingly, the variability of such positions is appreciated
within the family of TKs and with a lower extent among elements of same subfamily,
which might account for the diversity at the level of the dynamical behavior for their
kinase domains.

The importance of the amino acids at this interface could be addressed by mutagen-
esis studies. One of the most interesting aspects to test would be the polar interaction
between the conserved lysine and glutamate by their replacements with residues whose
side chains are either shorter or bearing different charges. Furthermore, the stability and
other consequent features of the whole protein might deviate, from the one observed for
Insr, when the bulkiness of the lateral chain of the hydrophobic residues, like Phel081,
Cys1083, Vall086, Vall087, Met1106, Leul150, Phel155 and 1le1175 , is changed.

Ligand-binding features for KD

After the achievement of the minimal requirements for a molecule to bind the KD, iden-
tified in the ligand-core (in chapter 2 on page 43), further features of the ligand-KD
complexes were searched by comparison of crystallographic structures. The case of Abl
tyrosine kinase in complex with several ligands is here reported to explain a logical evo-
lution of a putative TK ligand towards better pharmacodynamic properties.
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From the ligand-core moiety additional interactions can be acquired by enlarging van
der Waals contacts with the inner surface of the H1 as depicted in figure 3.8a and fig-
ure 3.8b on the next page. The place is often filled by an aromatic ring carrying diverse
substitutions of one or more hydrogens with bulkier atoms to increase the hydrophobic
complementarity with the protein (see figure 3.8a and figure 3.8b on the following page).
The resulting molecule would draw into the protein driven by the hydrophobic effect,
pushing the separation of the two lobes and getting trapped by the steric hindrance of
the decorated ring.

This type of ligands stabilize the protein in a conformation where the glutamate-
lysine pair is formed and the DFG can be either in the Asp-out form (in figure 3.8a on the
next page) or Asp-in, with the phenylalanine fixed below the C-helix when the A-loop is
phosphorylated (figure 3.8b on the following page).

Further interactions might be achieved with the elongation of the molecule. The longer
ligand can reach the space between the C-helix and the C-lobe with the displacement of
the phenylalanine of the DFG-motif, as depicted in figure 3.8c on the next page. Although,
the major type of engagements are van der Waals contacts, in the complex ligand-protein
polar interactions are also present. Beside the bond with the hinge region, described for
the ligand-core in chapter 2 on page 43, Imatinib, as an example of ligand, binds two
side chains, the hydroxyl group of the threonine known as the ”gate-keeper” residue and
the carboxyl group of the conserved glutamate from the C-helix. Furthermore, other
three polar contacts involve main chain carbonyl groups, two of which of residues of the
catalytic loop.

While developing TK inhibitors, the plasticity of these enzymes pushes the investi-
gators to deal with different protein conformations and their lifetime, in agreement with
the energetic landscape. Questions like: which is the most populated conformation? is
this the best target? is the ligand binding due to conformational selection? or does also
induced fit occur?, need to be answered to ameliorate the treatment of diseases, such as
cancers. Some of these issues can already be addressed with published data.

Conformational selection of ligands was suggested by the comparison of in-vitro ac-
tivities of two inhibitors towards Abl kinase domain. PD173955, crystallized with Abl
in 1M52 (in figure 3.8a on the next page), results a more potent inhibitor than Ima-
tinib with an IC59 of 5 nM and 100 nM, respectively [235]. The better potency of the
former was appointed because it inhibits, with equal potency, both phosphorylated and
non-phosphorylated form, while a worse activity of Imatinib is displayed against the phos-
phorylated form of Abl [235].

Furthermore, Imatinib has been shown to bind with a similar activity Kit, selecting
the same protein conformation that is also depicted for the apo form [73]. It binds Syk TK
with 2 order of magnitude lower K; values, both phosphorylated and non-phosphorylated
forms [239]. With the latter kinase, the confirmation of inhibitory activity linked to the
conformation selection is given by the crystallographic study with the inhibitor (PDB
code 1XBB) [239]. Syk presents the same conformation for the apo form and bound to
the ligand, the A-loop is open and the DFG-motif is in the Asp-in form. In the complex,
Imatinib is in a folded conformation, it binds with a different moiety as ligand-core, than
in the case of Abl, and does not reach the site between the C-helix and the C-lobe. Thus,
the X-ray investigation of this complex revealed a second configuration of the inhibitor,
different than the extended one depicted within Abl and Kit.
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(a) bound-active Asp-out form of (b) bound-active Asp-in form of Abl
Abl (1M52) (2GQG)

(¢) bound-inactive Asp-out form of
Abl (1IEP)

Figure 3.8: Unbound and bound-forms of Abl. The crystallographic structures are iden-
tified by the PDB code in between round brackets. The protein chains are shown as gray
ribbon and specific residue clusters are represented with the external molecular surface
and color coded. In cyan the hydrophobic regions 1 (H1), in blue the hydrophobic regions
2 (H2), in pink the hydrophobic residues interacting with the ligand cores (as defined
in [75]), in yellow the main hydrophobic residues of the C-heliz and in brown the pheny-
lalanine residue of the DFG-motif. The atoms and bonds are represented as sticks for the
residues involved in the enzyme catalysis. The ligand atoms are in CPK. All represented
atoms are color-coded: nitrogen in blue, oxygen in red, chlorine in green, phosphorus in
orange and carbon in gray for protein atoms and magenta for ligand-atoms.
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As already anticipated, a fourth complex Imatinib-TK has been recently published
under the PDB entry 20IQ. The compound is depicted into Src KD, in figure 3.4¢c on
page 64, with the same binding mode as in complex with Abl and Kit. The affinity of the
compound against Src is one order of magnitude lower than against Syk and the binding
is achieved 50 times slower than with Abl [70]. This is a clear example where the ligand
induces changes in the conformation of the protein, but this conformational changes cost
a thermodynamic penalty for the complex [70].

The last issue is dedicated to the persistence of ligand into the binding site which is
related to the affinity of compound for the protein. The experimental value to quantify the
interaction can be divided in the enthalpic and entropic terms; while the latter accounts
for the amount of conformational populations of both binders, the first reflects their
complementarity. Both terms can be optimized on the ligand side, rigidification and
decoration of compounds are often used in medicinal chemistry. Here, as proof of the
principle, we report the case of Imatinib optimization with the addition of a chlorine atom
(Puttini et al., 2007; submitted). Testing the resulting compound, a higher affinity than
the parent molecule could be demonstrated with in-vitro and in-vivo assays. Furthermore,
wash-out experiments reveal that the better pharmacological profile can be attributed to
the long-lasting effect of the designed compound.

This is a nice example on how the inhibition constant (/K;) of a compound can be
ameliorate by lowering its off-rate kinetic parameter (k).

3.5 Conclusions

90 proteins of the tyrosine kinase family are present in humans and many of them have
already revealed their disfunctions linked to severe diseases. Indeed, Imatinib showed that
some of these disfunctions can be cured effectively by xenobiotics targeting the kinase
domain of TKs [181]. This success geared up the scientific community to investigate the
kinase domain as possible target for several diseases. But nature has evolved this domain
with a myriad of different mechanisms within the protein family resulting in a variety of
dynamical behaviors. Thus, the question about these enzymes is whether there are amino
acids stretches, in the sequence, which can affect the overall protein structure favoring
certain conformations. If so, the resulting more populated conformations would be ideal
targets for inhibitors because of their long existence. One third of the KD structures
of tyrosine kinases is known by experiments, but sometimes only one conformation is
present.

In tyrosine kinase field, we have examples of ligand conformational selection as well
as induced fit, but the latter one appear to cost a thermodynamic penalty resulting in a
lower inhibition efficacy.

The aim of this study was the isolation of stretches of residues in the kinase domain
to directly infer the dynamical behavior of a certain tyrosine kinase in their sequences. In
other words, the idea was to consider the kinase domain as unique fold with its deviations
expressed in the different structures and dynamics of TKs. Thus, knowing the difference
in the sequence, the one in the structure would be the consequence. This would help to
guide the rational drug discovery approach for selection of the target to investigate.

Although a wealth of information about the kinase domain is published, the isolation
of such key residues is not straightforward. The step taken, with the present work, was
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the identification of groups of residues, close in space, which define regions of the protein
that move together during its dynamical evolution. In fact, 5 clusters have been defined,
namely the hydrophobic core of N-lobe (H1), the one of the C-lobe (H2), the interaction-
core, the phenylalanine of the DFG-motif, and part of the C-helix. Their rearrangements
between different states of the KDs seems to characterize four families, namely ” Insr-like”
7 Cdk-like”, ”Src-like” and a possible ”always-active”.

The interface between two of the clusters revealed 14 quite conserved residues which
interact with two polar and many apolar interactions. The particular configuration of
this region is suggested to play an important role in KD structure and dynamics. Fur-
ther investigations on how H1-H2 interface influences the stability and dynamics of the
catalytic domain are reported on chapter 4 on page 79.

With the availability of more experimentally derived structures of KDs, further com-
parisons of the residues at the interfaces of these clusters might be indicative for similar
behaviors.

3.6 appendix

Table 3.2: Collection of the PDB files (March 2007)

PDB code kinase ATP-ligand domains A-loop
1IRK Insr - KD closed ; no
1IR3 7 ANP KD open ; yes x3
1GAG 7 ATP-pept KD open ; yes x3
1144 7 ACP KD intermed,dis. ; no
1RQQ K ATP-pept  KD+SH2-APS open ; yes x2
1P14 7 - JM-KD disordered
2AUH 7 - KD+adpt-prot open ; yes x3
2B4S 7 ATP-pept KD+phosphat open ; yes X3
1JQH Igflr ANP KD open ; yes x2
1K3A 7 ACP KD open ; yes x3
1IM7N 7 - KD closed ; no
1P40 7 - KD closed ; no
1FGK Fefrl - KD intermed,dis. ; no

1AGW K SU4984 KD intermed ; no
1FGI 7 SU5402 KD intermed ; no
2FGI 7 PD173074 KD intermed,dis. ; no
1GJO K - KD open ; no
10EC 7 AA2 KD open ; no
2IVS Ret cAMP JM-KD open ; no
2IVT 7 AMP JM-KD open ; yes
2IVU 7 7D6474 JM-KD open ; yes
2IVV 7 PP1 JM-KD open ; yes
1VR2 Vegfrl - KD disordered ; no

Continued on next page . ..



3.6 appendix 75
PDB code kinase ATP-ligand domains A-loop

1Y6A Vegfr2 AAZ KD disordered ; no
1Y6B 7 AAX KD disordered ; no
1YWN K pyrimidine-der KD close-disordered ; yes
2P21 7 nicotinamide JM-KD disordered ; no
2P2H 7 triazine der JM-KD disordered ; no
1M14 Egfr - KD+40C-term open ; no
1M17 K Erlotinib KD+40C-term ; open no
1XKK 7 Lapatinib KD+40C-term intermed,dis. ; no
2GS2 K - JM-KD open ; no
2GS6 K ATP-pept JM-KD open ; no
4GS7 7 AMP-PNP JM-KD intermed ; no
2ITN K AMP-PNP JM-KD(G719S)-Ctail open ; no
2ITO K gefitinib JM-KD(G7198S)-Ctail open ; no
2ITP 7 AEET788 JM-KD(G719S)-Ctail open ; no
2ITQ K AFNO941 JM-KD(G719S)-Ctail open ; no
2ITT K AEET88 JM-KD(L858R)-Ctail open ; no
2ITU K AFN941 JM-KD(L858R)-Ctail open ; no
21TV K AMP-PNP JM-KD(L858R)-Ctail open ; no
2ITW K AFNO941 JM-KD-Ctail open ; no
2I'TX 7 AMP-PNP JM-KD-Ctail open ; no
2ITY 7 gefitinib JM-KD-Ctail open ; no
21TZ K gefitinib JM-KD(L858R)-Ctail open ; no
2J6M 7 AEET88 JM-KD-Ctail open ; no
2J5E 7 quinazoline-der JM-KD-Ctail open ; no
2J5F K quinazoline-der JM-KD-Ctail open ; no
1PKG Kit ADP JM-KD open ; no
1T45 7 STI 571 JM-KD closed ; no
1T46 7 - JM-KD closed ; no
1RJB Flt3 - JM-KD closed ; no
211M Fms arylamide-der JM-KD closed ; no
210Y K arylamide-der JM-KD closed ; no
210V 7 quinolone-der JM-KD closed ; no
20GV 7 - JM-KD closed ; no
1ROP Met K-252A JM-KD closed ; no
1R1IW 7 - JM-KD disordered ; no
2G15 7 - JM-KD intermed ; no
1JPA EphrB2 adenine JM-KD disordered ; no
1MQB EphrA2 ANP JM disordered ; no
2GSF EphrB3 - JM-KD open-disorder ; no
2HEL EphrA4 - KD open-disorder ; no
2HEN EphrB2 ADP KD (D754A) open-disorder ; no

Continued on next page . ..
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PDB code kinase ATP-ligand domains A-loop
1LUF Musk - JM-KD close-disordered ; no
1FVR Tie2 - KD open ; No
2008 7 pyrid-pyrimid der KD interm-disorder ; no
20SC K pyrid-pyrimid der KD interm-disorder ; no
2P41 7 pyrid-pyrimid der KD open-disorder ; no
1YVJ Jak3 Stauro-anal KD open ; yes x2
2B7A Jak2 pyridone-der KD open ; yes x2
1Ub54 Ackl ACP KD open, dis. ; yes
1U4D 7 DBQ KD open, dis. ; no
1U46 7 - KD open, dis. ; no
1FPU Abl PRC KD closed ; no
1IEP 7 STI 571 KD closed ; no
1M52 7 PD173955 KD open ; no
10PJ 7 STI 571 KD closed ; no
10PK 7 PD166326 SH2-3,KD,reg-tail open ; no
10PL 7 PD166326 SH2-3,KD,reg-tail open ; no
2F4) K VX-680 KD-C-term open ; no
2FO0 7 PD166326 SH2-3,KD,reg-tail open ; no
2G1T 7 ATP-pept KD-C-term intermed ; no
2G2H K PD166326 KD-C-term open ; no
2G2F 7 ATP-pept KD-C-term open ; no
2G2I 7 ADP pept KD-C-term open ; no
2GQG K BMS-354825 KD open ; yes
2HIW 7 benzamide der KD closed ; no
2HYY 7 STI 571 KD closed ; no
2HZ0 7 NVP-AEGO082 KD open ; no
2HZ4 K NVP-AFN941 KD open ; no
2HZ1 K NVP-AFG210 KD open ; no
2HZN 7 PD180970 KD closed ; no
1BYG Csk Staurosporine KD intermed,dis. ; no
1K9A 7 - SH2-3,KD,reg-tail  open-disorder ; no
1SNU Itk Staurosporine KD disordered ; no
1SM2 7 Staurosporine KD disordered ; yes
1SNX 7 - KD disordered ; no
1K2P Btk - KD open ; no
1XBA Syk - KD open ; no
1XBB 7 STI 571 KD open ; no
1XBC 7 Staurosporine KD open ; no
1U59 Zap70 Staurosporine KD open ; no
1MPS8 Fak ADP KD disordered ; no
2ETM Fakl pyrimidine-der KD close-disordered ; no

Continued on next page . ..
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1FMK Src - SH2-3,KD,reg-tail intermed ; no
2PTK 7 - SH2-3,KD,reg-tail intermed ; no
2SRC K ADP-PNP SH2-3,KD,reg-tail intermed ; no
1KSW 7 ATP anal SH2-3,KD,reg-tail intermed ; no
1Y57 7 STT-anal SH2-3,KD,reg-tail open ; no
1Y16 7 - KD-C-term open ; yes
1YOJ 7 - KD-C-term disordered ; no
1YOL 7 CGPT77675 KD-C-term disordered ; no
1YOM K purvalanol A KD-C-term disordered ; no
2BDF 7 AP23451 KD open-disorder ; no
2BDJ K AP23464 KD open-disorder ; no
2HSH 7 AZDO0530 SH2-3,KD,reg-tail intermed ; no
201Q 7 STI 571 KD and Cterm interm-disorder ; no
2HWO K quinazoline-der KD(S345C); Cterm disordered ; no
2HWP 7 quinazoline-der KD(S345C); Cterm disordered ; no
2DQ7 Fyn Staurosporine KD open ; yes
3Lck Lck - KD open ; yes
1QPJ 7 Staurosporine KD open ; yes
1QPD K Staurosporine KD open ; yes
1QPC 7 ANP KD open ; yes
1QPE 7 PP2 KD open ; yes
20FU K pyrimidine-der KD open ; no
20FV 7 pyrimidine-der KD interm-disorder ; no
20G8 7 pyrimidine-der KD interm-disorder ; no
20F2 K furano-der KD open ; no
20F4 7 furano-der KD open ; no
1AD5 Hck ANP SH2-3,KD,reg-tail intermed,dis. ; no
2HCK 7 quercetin SH2-3,KD,reg-tail intermed,dis. ; no
1QCF 7 PP1 SH2-3,KD,reg-tail intermed ; no
2C0I 7 A-420983 SH2-3,KD,reg-tail disordered ; no
2C00 K A-770041 SH2-3,KD,reg-tail disordered ; no
2C0T 7 A-641359 SH2-3,KD,reg-tail disordered ; no
2HK5 7 isoxazole-der KD open ; no
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Chapter 4

Assessing stability of wild type and
oncogenic FLT3

4.1 Abstract

The way of activation for Flt3 oncogenic structures with presence of internal tandem
duplication (ITD) is still an open question. In this study many efforts have been addressed
to investigate the molecular mechanism of kinase domain activation and to depict which
movements may be the first events.

Firstly, to validate the usage of MD simulation and to fine-tune a working protocol,
several trajectories have been produced for insulin receptor in the non-productive and
productive states. The reliability of the method was confirmed by comparing the evolution
of the same coordinates with different initial velocities. The analysis of the radius of
gyration, distance between the center of mass of the two lobes and the RMS deviations
depicted certain characteristics of the productive and non-productive state of this protein.
Later, the wild type protein of Flt3 was investigated and the simulations proved the
stability of the KD strengthened by the presence of the juxtamembrane domain. Moreover,
the stability of the isolated inhibitory domain was also tested revealing the maintenance
of its main secondary structure.

The studies on oncogenic Flt3 started with hypothetical structures of Flt3 bearing
ITDs, which were produced by means of homology modeling. Beside a steric hindrance of
the C-helix, the analysis of the MD trajectories did not show any appreciable difference
compared to the wild type. Further investigations were carried out on the calculated
trajectories of different protein constructs with shorter JM. The release of KD from the
auto inhibitory interactions revealed a conformational change whose major player is the
C-helix.

4.2 Introduction

The gene mapped to the 13 chromosome at the locus 13q12 of the human genome,
encodes for F1t3 protein tyrosine kinase [191]. This 993 amino acid long macromolecule
has been classified as an element of the Pdgfr subfamily (also known as class III) of
receptor tyrosine kinases (RTKs) [188]. Fl1t3 wild type activity has been reported for
physiological proliferation, differentiation and apoptosis of hematopoietic cells [194] with
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a major expression in lymphoid and myeloid progenitors [193]. Topologically, F1t3 is
composed of several moieties: five extra-cellular immunoglobulin-like domains, that form
the ligand-binding domain, a transmembrane domain and a cytosolic part with the jux-
tamembrane domain (juxtamembrane, JM), the catalytic domain (kinase domain, KD)
and the C-terminal tail.

The life-cycle of F1t3 starts with the ribosomal expression of the full-length construct
while the later maturation via N-terminal glycosylation localizes the protein at the cell
membrane [195,196]. The receptor can bind the endogenous ligand, a second protein
called Flt3-ligand (FL) [199]. FL interacts with and co-localizes two F1t3 non-active units
promoting the homo-dimerization of the receptor, which is a well known behavior for RTKs
[146, 147]. The dimer formation increases the activity of the cytosolic kinase domains
that transphosphorylates the proteins at different sites to stabilize the active form of the
receptor [170]. The receptor transduces the signal inside the cell permitting the binding
of second effectors to its phosphotyrosines and transferring phosphate groups to tyrosine
residues of other proteins [130]. The cycle of the protein is finished by internalization and
degradation of the complex Flt3-FL few minutes after the stimulation [202].

Insights into the mechanism maintaining the non-active state of the protein were
revealed with the publication of the first, and so far unique, experimentally determined
structure of F1t3 kinase domain [117]. The authors produced crystals where the auto-
inhibition of the KD is mediated by the juxtamembrane, which is recognized as the
prototype mechanism for Pdgfr subfamily [73,117].

The scientific interests about Flt3 are the behaviors, characteristics and functions of
the normal protein as well as the pathological implications of its deregulated activity.
Aberrant FIt3 forms enhancing the activity of the receptor have been widely correlated
with hematopoietic malignancies [208]. Two types of structural variations are found to
cause diseases: 1) point mutations [212,213], within the KD, like Asp835Tyr, and ii)
insertions of amino acid sequence identified as internal tandem duplication (ITDs) at the
juxtamembrane [163]. The ITDs are often found in acute myeloid leukemia (AML) with a
hit rate of approximately 30% of the cases [163]. The origin of ITDs is due to the aberrant
biosynthesis of the normal F1t3 sequence; a stretch of nucleotides is transduced twice, one
after the other [163]. The mechanism of the constitutive activation of the RTK by ITDs
has been proposed as the disruption of the interaction between JM and the kinase domain
thus interfering with the inhibitory role of this domain [73].

In this study, further characteristics of ITD activation of Flt3 were investigated with
different protein constructs and by means of virtual simulation of the protein molecular
motion via molecular dynamics protocols.

4.3 Materials and Methods

4.3.1 Homology modeling

The experimental derived structure of the wild-type Flt3 is available at the protein data
bank (PDB) under the code: 1RJB. In the crystallographic structure the loop between
[B-strand 4 and the C-helix, and the whole kinase insert region are not defined and thus
no atomic coordinates are available. The residues encompassing the first of the two
missing parts were added with the module for loop building in the software package
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SYBYL7.3 [249]. While the long tyrosine kinase insert region (KID), approximately 72
residues, was substituted with a stretch of four glycines in order to connect a-helices 5
and 6. The reasoning of this omission resides on the fact that no structural information
is available about this amino acid stretch. In addition, experiments about the kinase
domains of Kit, Vegfr and F1t3 were carried out with a recombinant form of the wild type
lacking of their respective KIDs [73,117, 151,197, 250]. The resulting proteins showed
normal behaviors and three-dimensional architectures.

The coordinates for the amino acids of this new loop were selected always with the
module for loop building in SYBYL7.3 in such a way that the side chains previous and
after the gap were not sterically influenced.

Protein structures of the Flt3 with ITD were virtually generated with comparative
modeling by means of MODELLERIV1 [225]. Coordinates are assigned for the target
sequence based on the structure template ones. The solution is a protein model whose
conformation satisfy the spatial restraints derived from the template and assigned with
the alignment of the two sequences.

The ITDs were added with the fast-refinement routine of the protein model. Only
one structure, further submitted to the MD protocol, was chosen among ten different
solutions based on the best stereochemical quality (bond length, ¢ and v optimal angles,
etc.) assessed with PROCHECK [251].

4.3.2 Dynamic simulations

In the present work, molecular dynamics (MD) simulation protocols were used to study
the motion of different protein structures. This methodology allows the user to explore the
conformational space of proteins around specific energetic minima. The GROMACS-3.3.1
software package [252-254] was used to calculate and analyze trajectories.

The use of MD methodology to infer kinase domain dynamics was evaluated and vali-
dated by calculation and further analysis of trajectory for non-productive and productive
states of insulin receptor (Insr) KD. Different systems composed by the protein atoms at
a given conformation, a fix number of water molecules and counter-ions (Na™ or C17), to
balance the total charge, have been simulated.

The coordinates of the protein atoms were taken from the crystallographic structures.
The water molecules present in the file were also kept while in the case of the productive
Insr (1IR3) the rest of the atoms was removed, namely the phosphates on the A-loop
tyrosines and the two ligands (AMP-PNP and the peptide substrate).

Spc216 theoretical model [255] was used for the 12155 molecules simulating the explicit
solvent around the macromolecule. Protein atoms and bonds were characterized with
OPLS-AA force field parameters [256]. The non-bonded interactions were evaluated for
electrostatics using Particle Mesh Ewald (PME) [257] with a coulomb radius of 9 A and
van der Waals within a distance of 14 A. Berendsen algorithm [258] was employed to
maintain the temperature and pressure constant during simulations with values of 300 K
and 1 bar, respectively. All carbon-hydrogen bonds were constrained using the SHAKE
algorithm [259]. Finally, all MD runs were performed, with a time-step of 2 femtoseconds.

The following protocol was performed for all the simulated proteins. Systems were first
minimized, to avoid bad contacts of atoms, and then a MD run of 50 ps with position
restrained for the protein atoms, to relax the solvent was performed. To start the MD
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simulation for the trajectory production, initial velocities were assigned to the atoms with
Maxwellian distribution a seed number for random generation. Systems were warmed up
from 10 Kelvin to 300 during 7000 steps of Langevin dynamics with friction coefficient
variable depending on the atom type (with a value of atom mass over 0.01 ps). A short
MD simulation equilibration phase of 100 ps was performed with strong coupling for the
thermostat and barostat and, eventually, the coupling constants were softened for the
production simulations. The collected data from the simulation yielded to NPT ensemble
of the systems.

Furthermore, the wild type as well as two other Flt3 constructs, namely F1t3-593 and
F1t3-603 (see later for explanations), were simulated with NVT ensemble using only the
thermostat and switching-off the barostat. Atomic coordinates (in the constructs part of
the protein atoms were removed) as well as energies and velocities were taken from the
previous run of the Flt3 wild type.

The idea behind is the exploitation of the parameters coming from an already relaxed
system to avoid possible deviations due to the initialization and equilibration phases of
MD. A position restraint MD for adjusting position of water molecules, in the case of the
two constructs, and a short (7 ps) Langevin dynamics for all proteins to permit the slow
release of the atoms were employed before the final simulations.

The values for different parameters were extracted and analyzed with different pro-
grams of the GROMACS-3.3.1 software package. For visual representation and inspection
of structures and trajectories the computational programs vmMD-1.8.7 [260] and BODIL-
0.8.1 [61] were used. Further data sets elaboration and display were carried out with XM-
GRAGE provided as software package of Debian GNU /Linux distribution. In the present
chapter, atomic coordinates in the figures were rendered with PYMOL [64].

4.3.3 Superpositioning

The selection of the atoms to superpose is guided by the observation of the crystallo-
graphic structures of the several kinase domain proteins in different conformations. In
general, conformational changes for this type of structure are appreciated as the relative
movements of one lobe respect to the other one. At the C-lobe, beside the variations of the
A-loop, often dynamically isolated from the rest, no other major change is appreciated
for secondary structures independently from the main core of the lobe (a3 and ab for
Insr (PDB code: 1IRK), and a6 and a9 in Flt3 (1RJB)). At the N-lobe variations of the
C-helix and Gly-rich loop are usually seen in respect to the main core of the subdomain:
the main [-sheet.

4.4 Results and Discussions

4.4.1 Insulin receptor motion
MD protocol evaluation

Several MD simulations were performed on the non-productive and productive conforma-
tions of insulin receptor KD, whose molecular structures have been determined experi-
mentally (PDB code 1IRK and 1IR3, respectively), with the following aims:
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- to assess the reliability of the molecular dynamic (MD) simulation protocol for
studying the molecular motion of the catalytic domain of Flt3;

- to produce a comparison system to properly judge the further dynamics;

After initial trials on the atomic coordinates of the two Insr structures to optimize
parameters and settings of the protocol, 8 ns MD simulations were performed to evaluate
the general plasticity of the two systems.

The evolution of several indices during calculations were monitored to validate the
performed experiments.

In figure 4.1, the kinetic, potential and total energy are plotted for the first 200 picosec-
onds of simulation of the non-productive state of Insr. The reported energetic components
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Figure 4.1: Energies plot for the Insr. The kinetic energy (in black), potential energy (in
red) and total energy (in green) are reported as function of time in ps for the first steps
of the MD simulation of the non-productive state of Insr.

encompass all steps of the used protocol, the heat-up (0-14 ps), equilibration (14-114 ps)
and the beginning of the production phase (114-8000 ps). The potential and total energy
of the system decrease for the first picoseconds of calculations. All energy terms raise
up with the increasing temperature till a plateau which lasts for the equilibration and
production phases. Temperature and pressure of the system were also monitored and
found to be stable at the given values (data not shown). These parameters were checked
for all the MD simulations carried out in these studies and found in agreement with the
ones just reported.

A second evaluation of the used protocol and its application to the studied system is the
assessment of the structural stability and the time required by the system to equilibrate.
This characteristics were judged based on the profile of the root mean square (RMS)
deviation calculated as function of time for the positions of the Ca-atoms belonging to
the kinase domain. To note, the removal of the phosphate groups from the three A-
loop tyrosine residues of the productive conformation, present in the crystallographic
structure, did not prevent the system for reaching a local equilibrium and to maintain it
for the full length of the simulation. The principal reason why the whole movement is
not reproduced in these simulations is most likely due to the short time scale investigated
compared to the required period for such a conformational change to happen, estimated
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for Pka kinase within milliseconds range [93]. Actually, this removal would promote a big
conformational change at the A-loop leading to inactivation of the enzyme. In addition,
it is also postulated that an initial unphosphorylated productive form exists in order to
trigger the first event of transphosphorylation [70].

As shown in figure 4.2, the Insr structures reached a rough equilibrium before the
second nanosecond of simulation (around 1.6 A for the productive state and 1.8 A for the
non-productive one) and maintained it with fluctuations around a mean value. Because
of the early convergence of the systems to their equilibria, for the successive simulations
of the Insr KD data were collected for 3 nanoseconds.
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Figure 4.2: Structural stability assessment from 8 ns long simulations on Insr KDs. Plots

of RMS deviations of Ca-atoms from the initial configuration is reported in A as function
of time (in ps) for the non-productive, in green, and for the productive, in red, states.

MD protocol reproducibility

The second issue addressed by these pilot simulations was the reproducibility of data
production with the used methodology. Due to the chaotic nature of molecular motions
in general and in particular in MD simulations, where the force acting on one atom is
calculated as the sum of the forces of the surroundings, the evolution of similar initial
atomic configurations can diverge during different computations, later confirmed. Thus it
is important to check to what extent the resulting trajectories and their differences depend
from the assigned initial velocities (artefact) or are the expression of relevant biological
differences.

The key, to check the variability of the results, is the random assignment of the initial
velocities to the atoms of the system. The seed number used to generate the velocities was
changed resulting in different distributions of these values. Three different initial distri-
butions of velocities for the non-productive and productive form were employed as well as
the same distribution (only for the non-productive state) but in different computers with
the same and different hardware architectures. The trajectories calculated using different
machines with the same architecture result in the overlapping of the parameters (data
not shown). While, computers with different architectures compute different trajectories
starting with the same atomic coordinates and velocities (see figure 4.3a on page 86).
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Figure 4.3: Assessing the MD reproducibility. Plots of RMS deviations of Ca-atoms of
the catalytic domain is reported in A as function of time (in ps). Progression of RMSD
are drawn for the non-productive (with different seed numbers in green, cyan and blue and
different computer architecture in dark green) and for the productive (with different seed
numbers in red, magenta and orange) states.
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Different velocities for the same system affected the non-productive state to a larger
extent compare to the productive as indicated by the slightly higher relative standard
deviation of the root mean square (RMS) deviation values. The RMS deviations reached
an average value, for the last nanosecond, of 2.07 A with a standard deviation (sd) of
+0.275 (relative sd £13.2%) for the non-productive and 1.69 A +0.101 (relative sd +5.9%)
for the productive states. In general, the trajectories were considered in agreement in
reproducing a similar behavior for the two protein states. The monitored indices of
the MD clearly indicate that equilibrium states can be reached in agreement with the
fact that an X-ray structure results from an average of similar conformations which are
energetically stable over time: the thermodynamic equilibrium. Thus, the protocol can
be judged reliable to study the molecular motion of kinase domains around a given energy
minimum.

Sterical considerations

The sterical progression of the two protein conformations in time was evaluated monitoring
the radius of gyration and the distance between the centers of mass of the N-lobe and
the C-lobe during the simulations (figure 4.4 on page 87). The plots reveal stable trends
for the observed features of the two states and with different seed numbers. The mean
value of the radii for the non-productive state simulations is 19.13 A +0.156 (relative sd
+0.8%) while a lower value is achieved for the productive state, 18.89 A +0.021 (relative
sd +0.1%). Considering the inter-lobe distance, mean values of 25.76 A +0.590 (relative sd
+2.3%) for the non-productive and 24.10 A +0.138 (relative sd +0.6%) for the productive
state are calculated.

The non-productive conformation of Insr KD has a slightly bigger hydrodynamic vol-
ume with the two lobes further away compared to the productive conformation. Thus, a
more compact tertiary structure is appreciate in the case of productive protein in com-
parison with the non-productive.

Concluding remarks on MD protocol

In summary, a protocol was tuned to simulate tyrosine kinase domain using non-productive
and productive conformations of Insr. Production and analysis of the trajectories depict
their general stability over the computed time. Equilibria were reached before the first
nanosecond of simulation with a larger deviation from the initial conformation in the
case of the non-productive state (approximately 2 A) compared to the productive state
(approximately 1.7 A).

Another feature extrapolated from the trajectories is the compactness of the two pro-
tein conformations. The comparison of radius of gyration and inter-lobe distance profiles
reveal the productive protein with a more packed arrangement of the secondary structures
in respect to the non-productive one.

Systems and used MD protocol were also tested for reproducibility using different seed
numbers for random generation of the initial velocities. Three different trajectories were
simulated for each state resulting in smaller range of parameters values for the productive
than for the non-productive. Thus, to consider the RMSD significantly different the
deviation has to be at larger than 13% for the non-productive and larger than 6% for the
productive.
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Figure 4.4: Development of the radius of gyration and inter-lobe distance for KD of Insr
during simulations. The progressions of the radius of gyration (a) and distance between
the centers of mass of the N-lobe and C-lobe (b), are reported in A and plotted as function
of time, in ps. Profiles are drawn for the non-productive (with different seed numbers in
green, cyan and blue) and for the productive (with different seed numbers in red, magenta
and orange) states.

4.4.2 FIt3 protein

The F1t3 protein is a tyrosine kinase receptor whose role is to transduce the signal inside
the cell via phosphorylation by its kinase domain. The so-called juxtamembrane (JM)
is a small N-terminal domain whose function is to maintain the KD inhibited when the
receptor is not active and to bind secondary protein, via its phosphotyrosines, when the
receptor is active.

The presence of I'TDs has been correlated with alteration in the F1t3 signaling and with
hematopoietic diseases like AML. Since 2004, the inhibited form of the protein is known:
the kinase domain forms a tight complex with the JM [73]. Based on the structural
information it has been postulated that the oncogenic activation by ITDs results from
the disruption of the interaction between part of the juxtamembrane and the KD [73].
Nevertheless, further confirmations of such a mechanism at the molecular level have not
yet come. To shed light on the molecular mechanism behind the KD activation by I'TD
insertion, comparative molecular dynamics between wild-type Fl1t3 and virtually generated
Fl1t3 models were carried out.
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Structural considerations for wild-type KD and JM

The typical features of the protein kinases are here depicted for the F1t3 amino acid se-
quence [52]:

Jjuxztamembrane domain

570 580 590 600 610 620 630 640 650
F1t3 FRYESQLQMVQVTGSSDNEYFYVDFREYEYDLKWEFPRENLEFGKVLGSGAFGKVMNATAYGISKTGVSIQVAVKMLKEKADSSE
_ —.Q00 000 O _
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F1t3 SRS SHENIVNLLGACTLSGPIYLIFEN@@MGDLLNYLRSKREKFHRTWTEIFKEHNFSFYPTFQSHPNSSMPG
000000000000 —_— —_— 000000
ad B6 B7 ad

kinase insert region

740 750 760 770 780 790 800 810 820
F1t3 SREVQIHPDSDQISGLHGNSFHSEDEIEYENQKRLEEEEDLNVLTFEDLLCFAYQVAKGMEFLEFKSCVHRDEEERNVLVTHGKV

ROV AOAVAQANAA  —— _ =
a6 38 89 B10
830 840 850 860 870 880 890 900

F1t3 VKICDFGLARDIMSDSNYVVRGNARLPVKWMAPESLFEGIYTIKSDVWSYGILLWEIFSLGVNPYPGIPVDANFYKLIQNGFKMD
_— RQOOQQQ s —=>02000000000 . QQQQQAA0QQQAQAQAQD
510 a7 p11 (13 a8 a9

910 920 930 940

F1t3 QPFYATEEIYIIMQSCWAFDSRKRPSFPNLTSFLGCQL
ROOQAAOQQ QO Q0QAAA0QAQ
all all al2

Figure 4.5: Flit3 amino acid sequence. The primary structure (taken from EXPASY
database under the entry P36888) of Flt3 protein is reported for the portion spanning
the jurtamembrane domain and the kinase domain. Residues are identified by single-
letter code and some regions are colored, in agreement with figure 4.6 on the next page,
cyan, the Gly-rich loop, blue, the C-helixz, magenta, the hinge region, red, the catalytic
loop, and pink, the A-loop. Secondary structure assignment are reported at the bottom ac-
cording to the crystallographic structure (1RJB). At the top boundaries of N- and C-lobe,
Jurtamembrane and the kinase insert region are indicated.

As discussed in chapter 1 on page 1, this conserved stretches of residues are implicated
in different functions such as, ligand binding, structural characteristic and catalysis.

The confirmation of the folding of the catalytic moiety came with the publication of the
crystallographic structure [73] whose inhibited form is maintained by the juxtamembrane
domain (depicted in figure 4.6 on the next page). While the catalytic domain is conserved
in its fold compared to other RTKs [73], here we will focus on the structural information
of the JM-KD interactions derived from the solved X-ray structure.

In Flt3 the sequence of the juxtamembrane domain starts at Tyr573 and ends at
Lys602. It is found at N-terminal position of the N-lobe and shares sequence similarity
with the other members of the Pdgfr subfamily of RTKs [73].

As depicted in figure 4.6 on the facing page the N-terminus of JM is positioned between
the N- and C-lobe and interacts with the C-helix and the catalytic loop which are essential
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for catalysis. The first secondary structure element of this domain is a strand, 41, which

Figure 4.6: Spatial arrangement of the juxtamembrane domain in complex with the kinase
domain. The secondary structure of the protein is represented as cartoon and color-coded
wn gray for the KD. Other protein portions are also colored in green the juxtamembrane,
cyan the Gly-rich loop, blue the C-helix, in red the catalytic loop and in pink the A-loop
and magenta the hinge region. Furthermore, the residues of the JM and N-terminal of the
KD are in sticks representation.

forms a 3-sheet with the strand before the C-loop, (48, and with the second shorter strand
of the JM, 32 (see in figure 4.6). At the level of 32 a pair of tyrosine residues is found and
the first of the two, conserved within the Pdgfr subfamily, promotes the kinase activation
when phosphorylated [250]. The rest of the JM has mainly coil structure, beside two
distinct turns of a-helix, and interacts with amino acids of the outer face of the C-helix.
Although some polar bonds are seen in the JM-KD complex, with residues at the N-
terminus and in the loop between the two strands, the major interaction component is
the extensive van der Waals contact of aromatic and aliphatic side chains of JM and
C-helix (see figure 4.6).
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The isolated juxtamembrane domain

An interesting study about a synthetic peptide encompassing the JM sequence of Kit
revealed several characteristics for this domain [246]. This peptide in solution was folded
and the secondary structure could be disrupted by chemical denaturation and tyrosine
phosphorylation. Furthermore, the authors demonstrated the inhibition of the soluble
catalytic domain of Kit mediated by this peptide.

The outcomes of this study depict the JM of Kit as a stand-alone domain with proper
folding and full functionality. Based on the sequence comparison of this element through-
out the Pdgfr subfamily it can be hypothesized that similar behavior can be expected for
the JMs of the other family members.

In addition, these evidences suggest that a thermodynamic equilibrium between bound
and unbound forms of the JM can exist [73]. In the basal state the bound form would be
more stable, with the consequent inhibition behavior, while phosphorylation is likely to
stabilize the unbound form.

Prompted by these hypotheses the stability of the isolated juxtamembrane domain
of Flt3 was tested via MD simulation. The atomic coordinates of protein portion corre-
sponding to the JM were taken from the crystallographic structure, surrounded by water
molecules and trajectories were calculated for 3-5 ns. In agreement with the results for Kit,
the performed simulations confirmed the stability of the JM of Flt3 over the calculated
period of time as deduced from visual representation of the trajectory.

(a) 0 ns (b) 8 ns

Figure 4.7: Stability of the isolated jurtamembrane domain. The input structure and
output structures of a representative MD simulation of the JM are drawn for secondary
structures, mainly B-strand and coil contents. The atoms of residues are also represented
as sticks.

In figure 4.7 the starting and the final conformations of a representative simulation are
depicted. In details, the two strands involved in the (-sheet formation are quite conserved
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during simulations while the a-helix turn is not. The rest of the domain, which has coil
secondary structure, interchanges different random conformations.

The results from these MD simulations arise the possibility that part of the JM could
still be structured even in the presence of the ITD sequence when the JM is supposed to
be unbound.

Oncogenic Flt3 proteins

The opportunity to investigate oncogenic forms of Flt3 with internal tandem duplication is
due to a collaboration with clinicians. M.D. Emanuela Frascella and her group screened
and identified a large set of ITDs from pediatric patients with promielocytic leukemia
disease. Part of the results are reported here in table 4.1.

Table 4.1: Internal tandem duplication sequences. In the left column the identifier for
the sequences. In each case the transcription of the fit3 gene is normal till the amino
acid whose number is reported as "AA stop” (right column) the new insertion starts from
an earlier residue, reported as "AA start” (middle column) and progress with the normal
transcription till the stop-codon.

ITDs AA start AA stop

m012 o082 295
m033 995 600
m089 998 614
ml72 580 613
m237 594 610
m269 290 600
m301 285 294
m330 o985 296
ma355 299 609
m367 594 611
m383 991 602
m400 594 299
m410 280 298
m444 575 613

The I'TDs can be found at several positions of the JM sequence and are even beyond its
boundaries (residues 573-602) in the direction of the kinase domain. The length of such
insertions is also variable from shorter ones, 5 amino acids, to longer ones with 30 and
more residues. Because of the wide range of possible configurations for oncogenic Flt3
proteins here we focus on the subset occurring in the proximity of the coiled structure of
the autoinhibitory domain.

The first issue is the generation of the possible conformation for proteins with such
insertions. The ITD insertions are hypothesized to misalign the interaction partners of
the KD-JM complex resulting in the relief of part of the auto-inhibitory domain. Mainly
two scenarios were judged to be achievable. The first, where the main secondary structure
of the JM, the -sheet formation, is intact and a partial interaction is allowed for the rest
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of the juxtamembrane. This is a feasible panorama in the case of short ITDs where just
the thermodynamic equilibrium between bound and unbound form of the autoinhibitory
domain is more affected towards the unbound form than in the physiological conditions.
In this case, although the directionality of the DNA transcription places the inserted
sequence at C-terminal position respect to the original sequence, structurally, it is not
evident which of the two repeated stretch is going to interact with the predestine partner
and conformation. The second scenario is more in agreement with the presence of long
ITD sequences. Although part of the JM might still be properly folded, the arrangement
of the elongated peptide for interaction is unlikely because of the energetic costs for the
system. In this case the autoinhibitory domain would be more stable in the unbound
form.

To investigate the first scenario, short sequences were selected from the clinical find-
ings for structural and dynamic investigations. The sequences, namely m301, m355
and m400, were chosen to explore the effect of ITD insertion at different positions of
the juxtamembrane structure. In the following alignment the positions of the ITD in-
sertions is clarified at the JM while the invariant parts of the protein are omitted.

580 590 600 610 620
wild type YESQLQMVQVTGSSDNEYFYVDF.......... REYEY...... DLKWEFPREN........... LEFGKVLGSGA
ITD m301 YESQLQMVQVTGSSDNEYFYVDFBNENENEBEREYEY . . . . .. DLKWEFPREN........... LEFGKVLGSGA
ITD m355 YESQLQMVQVTGSSDNEYFYVDF.......... REYEY...... DLKWEFPREN BNEEEBRENLEFGKVLGSGA
ITD m400  YESQLQMVQVTGSSDNEYFYVDF.......... REVEYENEEENDLXVEFPREN . . ... ... ... LEFGKVLGSGA

Figure 4.8: Sequences of FIt3 oncogenic proteins. The alignment of the primary structure
of Flt3 wild type and with ITDs is reported for the portion spanning the jurtamembrane
domain and the N-terminus of the kinase domain. Residues are identified by single-letter
code and I'TD regions are colored in red.

Thus, homology modeling was applied using the crystallographic structure of Flt3
(IRJB) as template and based on the alignment between oncogenic and wild type se-
quences (in order to generate the coordinates for the ITD sequences. More than one
solution per constructs was selected for MD analysis to test the influence of different
conformation of the newly added sequences. Furthermore, the repeated portions were
added in C-terminal position at the original stretches, in line with the progression of the
aberrant gene transcription, and in N-terminal position because of the possible alternative
interaction envisaged before.

About the molecular dynamics simulation, different protocols were tried out with
different settings, like higher temperatures than 300 Kelvins to furnish energy for enlarging
the variety of possible conformations experienced by the system.

Here, trajectories are reported for the three ITD models and the wild type protein
obtained with the application of the protocol described for Insr in materials and methods
for 5 nanosecods.

The wild type JM-KD complex was simulated to acquire the dynamical behavior of
the normal Flt3 protein and the basis for judging the ones of the generated conformations.
From the visual inspection of the trajectory and the calculation of the RMS deviation for
Ca-atoms positions of the KD (reported in figure 4.9 on the next page), the structure
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was judged stable. Based on the RMSD profile, depicted in figure 4.9, the conformation
present in the crystallographic structure is very close to a thermodynamic equilibrium. In
fact, the dynamical evolution of the system quickly reaches a rough stability going to a
value around 1.1 Angstroms for the last two nanoseconds of simulation. Comparing with
the Insr dynamics, this system deviates to a lesser degree for finding its stability. This
is likely to be explained by the presence of the JM which indeed restrain the catalytic
domain motion.
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Figure 4.9: The RMSD of Ca-atoms of the catalytic domains for wild-type and the three

ITD constructs. The progressions of the RMSD in A are plotted against time in ps for
the wild-type in black, ITD m301 in red, I'TD m355 in green and I'TD m400 in blue.

About the trials on the oncogenic forms, in figure 4.10 the conformations of the ho-
mology models after minimization are reported as well as the ones resulting by the ap-
plication of the MD protocol. The RMS deviation from the initial coordinates displays
the achievement of the stability at different degrees compared to the wild type structure
(see figure 4.9). For the last 2 ns of the simulations the oncogenic systems have a RMSD
mean value in a range of +£12% around the one of the wild type, which is in between the
reproducibility of the Insr non-productive and productive states, afore mentioned. In the
case of m355 a peak is seen due to the particular position where the I'TD insertion occurs,
which affects the (-sheet of the N-lobe. However, the visualization of the trajectories did
not point out any common trend for the oncogenic forms which could remarkably differ-
entiate them from the dynamical behavior of the wild type. In general, just fluctuations
of the newly added loops were appreciated from the trajectory visualizations without any
affection of the normal motion of the kinase domain.

The only common trend from the trials with different positions and conformations of
ITDs in the generated structures was appreciated when the interactions between JM and
the C-helix were partially disrupted, as in the case of m400 in figure 4.10 on the next
page. This helix reacts to the missing interactions with movements in the directions of
the I'TD insertion and the close [3-sheet follows this dynamics. This was interpreted as
a steric hindrance of the JM on the secondary structure element, which, when released
shows a own dynamic behavior.



94 Assessing stability of wild type and oncogenic FLT3

(¢) ITD m400

Figure 4.10: Structures of the catalytic domain of oncogenic Flt3 at different time points of
the MD simulations. The secondary structures are in ribbon representations. The colors

identify the time point, in blue at 0 ns and in red at 5 ns. ITD insertions are also shown
m cyan at 0 ns and orange at 5 ns.
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The result of these trials is the hypothesis of the C-helix reacting to the loss of partial
interaction with the auto-inhibitory domain. Thus, further experiments to address this
open issue were planned and carried out for different JM-KD complexes of Flt3 with
variable length of the autoinhibitory domain.

Different JM-KD complex constructs

To investigate the hypothesis, the thermostability of the wild-type protein was compared
with the KD in complex with a shorter JM domain and without. Furthermore, the
physiological release of the juxtamembrane domain prior tyrosine phosphorylation should
result in an activated KD conformation as seen for Kit (1IPKG) [250]. Thus, the shortening
of the JM may also be figured out as the attempt to mimic the situation in which the
protein is activated. The JM leaves its position between the N- and C-terminal lobes in
accordance to the movement observed in structure of the activated KD of kit also seen
for Kit/Imatinib complex (1T46) [73].

In the crystallographic structure, 1IPKG, just the C-terminal end of the JM interacts
with the KD via C-helix while the rest of the domain (the visible part) is unstructured
when the phosphotyrosine is present. The second KD molecule within the same asym-
metric unit would even suggest that the JM may not contact the KD anymore after
activation [250].

Three constructs have been investigated, namely wild type and two truncated forms
of the proteins. The latter ones were obtained as follows. The N-terminal portion of
the juxtamembrane was deleted till residue 593 in one case and 603 in the other (see
figure 4.11 on the following page). The first construct generated contains the part of the
JM covering the C-helix but lacks the 3-sheet and the buried region and is identified as
Fl1t3-593. While, for the second one the whole JM was removed, this is called F1t3-603.
The three systems investigated were derived from the previous simulation of the F1t3 wild
type. The atomic coordinates, atomic velocities and energies were taken from the end
point of the 5 ns wild-type simulation. The type of the performed ensemble for this round
of simulations was chosen to be NVT; no pressure adjustments were allowed in order to
dissipate as less internal energy as possible. The trajectories for the three systems were
thus calculated for 10 ns period of protein lifetime.

The first analysis of the simulated systems was the visual representation of the tra-
jectories in VMD, a computational tool which allows the appreciation of the evolving
coordinates as a movie. The stability of the wild type protein over time is appreciated
as well as certain conformational changes in the other two constructs. Flt3-603 protein
responds immediately (before the first nanosecond of simulation) to the removal of the
whole juxtamembrane with a large change mainly located at the N-lobe. While the partial
deletion of the JM in F1t3-593 leads to a similar structural variation but later in time (af-
ter the first nanosecond). From figure 4.12 on the next page the entity of such movements
is revealed with the superposition of two protein conformations at different time points.

To numerically quantify those structural variations the deviation of the RMS for Ca-
atoms of the KD over time and their RMS fluctuations were computed for the three
trajectories (reported in figure 4.13 on page 97 and figure 4.14 on page 98).

In line with the visual inspections, the differential analysis of the RMSD shows that
there are regions that experience more movements than others while the general folding
within the three systems remains conserved. This is suggested by the fact that the RMSD
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(a) Flt3-wt (b) Flt3-593 (c) Flt3-603

Figure 4.11: Flt3 protein constructs. The three configurations are depicted in ribbon
representation and colored gray.

(a) Flt3-593 at 1 ns and 5 ns (b) Fit3-603 at 0 ns and 1 ns

Figure 4.12: Conformational changes of Flt3-593 and Flt3-603. Secondary structures of
the proteins are shown with ribbon represent. The conformations are color-coded for time:

Flt3-593 is in gray at 1 ns and red at 5 ns, and Flt3-603 is gray at 0 ns and green at 1
ns.
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Figure 4.13: Stability of the different Flt3 constructs. RMS deviation reported in A are
plotted as function of time in ps for the Ca-atoms of KD. Lines are drawn and colored

in bla

ck for Flt3-wt, red for Fit3-593, green for Flt3-603. The RMS deviation of different

protein portions are plotted in different labeled graphs.



98 Assessing stability of wild type and oncogenic FLT3

N

w

[

RMS fluctuation
N

I I
750 800
C-aphaatom
Figure 4.14: Stability of the different FIt3 constructs. RMS fluctuation reported in A
are plotted for the residue’s Ca-atom (starting from residue 609). Lines are drawn and
colored in black for Flt3-wt, red for Flt3-593, green for Fit3-603. In blue dashed-line the
pattern obtained from the temperature factors of the crystallographic structure, 1RJB,
by applying the formula: < R* >'%= (3B/8x%)Y/% [261]. In the plot the missing data,
revealed by the gaps in the lines, corresponds to residues of the kinase insert region which
are deleted in the crystallographic structure and replaced by 4 glycines in the simulated
proteins. Furthermore in the same graph some protein portions identified as residues

655-669 (C-helix), 617-622 (gly-rich loop), 631-637 (loop between (34-35), 682-687 (loop
36-57), 809-816 (C-loop), 829-858 (A-loop).
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values of the KD are relatively low ranging from 0.8 to 2.7 Angstrom and rather stable
over time.

The "relatively low” is based on the fact that these are quite long simulations and
the error summation of the algorithms used to integrate the equation of motions in MD
is likely to affect the results with large amount of calculation cycles [226]. Furthermore,
the lack of the pressure coupling, to generate NV'T ensemble, may also affect the overall
trajectory.

No major differences have been appreciated for the C-lobe with RMSD values below
1.2 Angstrom for all three proteins. In contrast, increased movement of the N-lobe have
been observed for the three systems with the wild type being the more stable one. A
detailed analysis clearly shows that the C-helix is indeed the structural element with the
highest RMSD values and significant differences between the three systems. For Flt3-wt
the deviation values range from 0.6 to 3 Angstrom, while for the two constructs with the
shorter JM the values are significantly higher and fluctuate between 0.6 and 4.5 Angstrom.
About the trend, F1t3-603 shows two peaks for the release from the whole juxtamembrane
domain in the first nanosecond of simulation and a second deviation in the last one. Flt3-
593 has a slower increase of the RMSD but a longer persistence compare to the other
construct. The larger amplitude of RMS deviation of the isolated C-helix compare to the
N-lobe without this element let us speculate that this helix might driven the movements
of the whole N-terminal region.

The RMS fluctuations for KD Ca-atoms of the simulated wild-type protein and the
ones estimate from the B-factors of the crystallographic structure were also compared
(in figure 4.14 on the facing page). A qualitative agreement of the fluctuation pattern is
shown for all atoms with a minor extent for the last 50 amino acids. This difference is
most probably due to a less well-defined experimental electron density in this region that
automatically leads to an increase in B-values. This has been often observed at the N-
and C-terminus of proteins.

The comparison of the three simulated systems emphasizes the change in mobility
for the atoms of the C-helix (residues 655-669) for the truncated forms respect to the
wild type, with a higher amplitude for the protein without JM. The other variations in
fluctuation entity are at loops like the Gly-rich loop (residues 617-622) and between the
4™ and the 5 strands (631-637), and 6" and 7% ones (682-687). Furthermore, F1t3-603
compared to the other constructs has a higher mobility for some residues at the beginning
of the A-loop. The N-terminal part of this loop appears to experience the conformational
change of the N-lobe as depicted in figure 4.12 on page 96.

For addressing the issue about correlations between the motion of different parts of
the N-lobe, the covariance matrix of the Cartesian coordinates of the Ca-atoms was
calculated from the superposition of the C-lobe (described in materials and methods). To
reveal the effect of the removal of the auto-inhibitory domain from the constructs, the
snapshots corresponding to 1 ns period at different time points within the simulations
(from 0 ns to 1 ns, from 4 ns to 5 ns and 9 ns to 10 ns) were employed separately for
these analysis. The most interesting comparison between the three system evolutions was
observed for the first computed nanosecond and is reported in figure 4.15 on the following
page. No major motion couplings, within the analyzed time frame, were depicted for the
wild type conformation. While the comparison of covariance matrices of Flt3-wt with
the other constructs, shows an increment of positive couplings among N-lobe portions for



100 Assessing stability of wild type and oncogenic FLT3
6791 6791
659- 659 :
A 3 I'. ' ] ! l *
639«2 # ] 639«2 5 B
6191 6191 -
619 639 659 679 619 639 659 679
-0.00482 nm”™2 0.0219 -0.0086 nm"2 0.0226
— ]  — ]
(a) FIt3-WT (0-1 ns) (b) FIts-593 (0-1 ns)
6791
6591 f
639«2 - i |
6191
619 639 659 679

-0.0179 nm”2 0.0667
|
(¢c) Flt3-603 (0-1 ns)

Figure 4.15: Covariance matrices for the three simulated system. The graph demonstrates
the correlation between Ca-atoms motions of N-lobe residues. The residue number is
reported. Positive correlations are in red while negative ones are in blue. the color scale
is associated with the normalized value of the coupling movements. Secondary structure
elements of the N-lobe are identify by the residues numbers: 610-617 (33), 622-630 (34),
638-647 (B5), 655-669 (C-heliz), 677-681 (56) and 688-692 (37).
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the truncated forms as well as the appearance of additional negative ones. To note, is
the uncoupling maintained among movements of the loop between the C-helix and 36
(residues 669-676) and the rest of the N-lobe, as described in [247]. This element acts
as a hinge for conformational changes of the small lobe due to the extended van der
Waals contacts with the C-lobe. The positive coupling is appreciated for the elements on
the front side of the protein (where the substrate binds) and in particular for the region
encompassing residues 648 to 669 (loop C-terminal of the 85 and C-helix), 615 to 625
(part of the 33 and 34 with the loop in between) and 676 to 690 (the 6 and 7" strand
and the loop in between). On the other hand, these regions have negative correlation
with the movement of the loop in between the 54 and 35 which is situated on the back
side of the protein. Thus, the hypothesis previously expressed about C-helix concerting
the change at the N-lobe is further supported by the finding that there are correlations,
both positive and negative, in the movements of the former with the ones of neighborhood
protein portions.

Structural comparisons

To better understand the effect of the described movements, the visual comparison of
structures at different stages of the calculated protein lifetimes and the crystallographic
conformation has been performed. As anticipated by the RMSD profiles of the wild type
simulation either with the first protocol (see figure 4.9 on page 93) or with the second
(see figure 4.13 on page 97), changes correspond to minimal fluctuations around the
experimentally determined conformation (figure 4.16a on the next page). As depicted in
figure 4.12b on page 96 and figure 4.16, a fast conformational change occurs with the relief
of the protein from the whole juxtamembrane, identified in the F1t3-603 constructs. The
major protein substructure taking part of this deviation is recognized as the C-helix, see
figure 4.13 on page 97 and in figure 4.16b. The lack of certain residues, mainly Tyr572
and Met578, due to the removal of the N-terminal portion of the autoinhibitory domain,
is likely to leave this secondary structure to shift downward. The same movement is
supposed to take place with the activation of the Insr and the comparison between the
achieved conformation by F1t3-603 and the active and non-productive Insr is depicted in
figure 4.17 on page 103. In the case where part of the JM is still present and interacts
with the outer face of the C-helix (the F1t3-593 protein model) a similar rearrangement
is seen but later in the evolution time ( in figure 4.12a on page 96 and figure 4.16 on the
following page). This delay seems to be justified by the reorganization of the hydrophobic
interactions between the remaining part of the juxtamembrane and the C-helix, depicted
in figure 4.18 on page 103. The Phe594 and Tyrb97 partially counter balance the missing
residues of the JM by their conformational rearrangements causing a different orientation
of residues Tyrb599 and Trp603.

The last feature extracted from the F1t3-603 trajectory is the evolving conformation of
the C-helix after the conformational change. In the case of this construct, two peaks are
seen for the element by the RMSD plot in figure 4.13 on page 97 suggesting a second. From
the comparison of the three structure snapshots taken after the first peak (see figure 4.19
on page 104), it can be seen a sort of liberty in the movement of the helix. This element,
with the N- and C-terminal loops, from the position at the 1% nanosecond is spatially
translated in one direction at the 5 nanosecond and in the opposite direction at the end
of the simulation, revealing the freedom of its movement.
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(c) 5" nanosecond (d) 10"" nanosecond

Figure 4.16: Structural comparison of FIt3 constructs at different points of simulation.
Proteins are shown with ribbon represent and color-coded. Flt3-wt is in gray, FIt3-593 is
in red, Flt3-603 is in green. In (a) the comparison of Flt3-wt at 10 ns with the crystal-
lographic structure (1RJB, in blue) is reported. A shift of the C-helices downwards can

be appreciated corresponding to the movement seen for the non-productive and productive
forms of Insr.
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Figure 4.17: The comparison of Flt3-603 and Insr conformation. The conformations of
the Flt-603 at 10 ns, non-productive and productive states of Insr are drawn in ribbon

representation and color-coded. Flt3 is in green while Insr productive form is in red and
the non-productive one in pink.

Figure 4.18: The comparison of some interactions of JM-KD for Fit3-wt and Flt3-593.
The structures taken at 10 ns of simulation are drawn in ribbon representation with some
residues in sticks and labeled. Flt3-wt is in gray while Flt3-593 is in red.



104 Assessing stability of wild type and oncogenic FLT3

Figure 4.19: Structural comparison of Flt3-603 at different points of simulation. The
protein is shown with ribbon represent and color-coded for time: brown at 1 ns, yellow at
5 ns and green at 10 ns.



4.5 Conclusions

The molecular mechanism/s of activation of the enzymatic moiety in tyrosine kinase
proteins under either physiological or pathological conditions, is still an open issue. On
the one hand, events like ligand binding, residue phosphorylation and protein-protein
interactions account for the "normal” activation of these proteins. On the other hand,
mutations, deletions and insertions of one or more amino acid have been correlated with
their aberrant behavior, as well as protein fusion and overexpression. It is the case of Fl1t3
receptor tyrosine kinase where the abnormal addition of residues at the auto-inhibitory
domain, the I'TDs, leads to its constitutive enzymatic activation. With this study an
attempt to shed light on the quest is reported.

How these insertions can affect the folding and/or the dynamic of F1t3 kinase domain?
Since the auto-inhibited complex of this protein is structurally known, guesses can be
made as well as trials predictions with theoretical methods. Here, different models of
Flt3 bearing I'TDs were generated and their dynamical behavior assessed by molecular
dynamics protocols. The main information achieved by these applications is the steric
hindrance experienced by the C-helix due to the juxtamembrane domain interaction.

In addition, different constructs of the JM-KD complex were tested always by means of
MD to investigate the conformational changes encountered with the relief of JM portions.
The C-helix appears to drive the movements of the N-lobe and to possess a certain liberty
in the absence of JM interaction. The dynamics of the F1t3-593 construct is likely to
reflect the beginning of the normal pathway of Flt3 activation with a slower but concerted
movement of the whole N-lobe. While the behavior of the second construct might resemble
more some oncogenic forms of the protein where the JM contacts are totally disrupted.

Surely, much deeper studies have to be carried out to further elucidate, prove or
disprove these findings. Investigations about the larger changes that the KD undergoes for
activation, namely the DFG motif switch and opening of the activation loop. Nonetheless,
the results here reported let us speculate about the major role played by the C-helix during
the first step for the kinase domain activation of Flt3 protein.
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Chapter 5

Dynamics of residues at H1-H2
interface of Insr

5.1 Abstract

The structurally conserved regions (SCRs) in evolutionary related proteins, is an issue
while applying homology modeling protocols. Their identification from the template and
transposition into the target can be sometime ambiguous.

An important role for structure and dynamics of tyrosine kinase domain was attributed
to a group of amino acids at the HI-H2 interface in chapter 3. Here, the investigation
of this suggested SCR is done by dynamics simulations of three conformations of the
Insr KD. The interface residues appeared to be stable over time with specific differences
between the protein states.

Furthermore, the dynamics of the whole protein is analyzed and depicted.

5.2 Introduction

Tyrosine kinases are crucial for normal physiology of mammals [17] and are largely corre-
lated to human malignancies [39]. Their catalytic domains share high sequence similarity
and the same secondary structure disposition [77]. In addition, the activity of these en-
zymes, can be modulated by xenobiotics, such as Imatinib, used as cancer treatments [262].
These molecules inhibit the protein activity by competing with ATP for the same bind-
ing site [235]. Thus the kinase domain of PTKs is highly investigated as target for drug
design [263].

Rational and theoretical ways to discover new medicaments came together with the
knowledge and understanding of bio-macromolecules such as proteins and DNA at the
molecular level [264]. In particular one of them, the so-called structure-based drug design,
relies on the well refined three-dimensional structure of the putative cavity recognized as
binding site [221]. The spatial arrangement of the hydrophobic and polar characters of
the site, guides the researcher for finding complementary molecules whose features are
likely to maximize the interaction pattern. Nowadays, the required data, namely the
atomic disposition of macromolecules, can be generated experimentally or theoretically
[265]. Indeed, the first way is always preferred but in some cases, when the experimental
information is missing, the theoretical approach might fulfilled the need. In the case in
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which the similarity between template and target is higher than 60%, the comparative
model can be used as a low resolution structure (2.5-3 Angstrom) for performing structure-
based design [266]. While the generation of the structure is most of the time easy, the
reliability of this model remains an issue to be addressed.

”Proteins are among the most unpredictable molecules in nature” [265]. Luckily, the
three-dimensional structure of proteins is more conserved than their primary sequences
[267] and a small change in a protein sequence usually reflects a minor variation of its
structure [268]. Carrying out comparative modeling, structurally conserved regions needs
to be identified being the key elements to generate a reasonable structure [221].

Although, the first SCRs to isolate are the majority of the secondary structures, others
might also be deduced by the knowledge of the protein functions and characteristics [221].
Thus, residues known to be important for catalysis, in case of enzymes, and for binding
secondary partners, should correctly be assigned in the sequence alignment. In addition,
certain regions of the structure can have primary roles for the general disposition and
dynamics of the studied folding. The latter ones, although are sometimes difficult to
infer, can be investigated by observation of structure/s in one or more states and might
be confirmed by experiments such as mutational analysis. A theoretical approach, is the
use of MD to study the dynamics of the examined system, which may lead to the isolation
of important residues in the motion of the macromolecule.

Here, the focus is on the Insr crystallographic structures as general template for TK
homology modeling. MD simulations were carried out on experimentally derived struc-
tures to assess the dynamics of the system. In addition, from chapter 3 a new feature of
this protein system has been revealed; a pool of amino acids at the interface of the two
lobes which appeared to be important for the relative disposition of the substructures. A
particular attention is paid on the motions of these residues.

5.3 Materials and methods

The structure of the Insr kinase domain obtained by X-ray crystallography were found
at the protein databank (PDB) under the entries: 1IRK, 1IR3 and 1144. Coordinates
for protein atoms and water molecules were taken from the PDB files while ligands,
namely AMP-PNP and peptide substrate, and the phosphate groups of the productive
conformation, 1IR3, were not considered. Furthermore, in the PDB entry 1144 part of
the A-loop (from Argl182 to Leull97) is missing and thus the original stretch of amino
acids was added by means of MODELLER9V1. The conformation of these 16 amino acids
was assigned randomly with stereochemical constrains, such as ¢ and v angles.

Later, water molecules were added to the systems in order to reach the total number
of 12155.

The dynamics of these protein conformations were evaluated by means of GROMACS-
3.3.1 software package [252-254] using settings and protocol described in chapter 3 on
page 53 for NPT ensemble production. 5 nanoseconds long trajectory was simulated
for each system and analyzed with the tools provided in the software package. Atomic
coordinates were rendered with vMD-1.8.7 [260], BODIL-0.8.1 [61] and PYMOL [64] for
visual analysis and figure generation.
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5.4 Results and discussions

5.4.1 The structures

Insr in the non-productive state (PDB code: 1IRK), here alternatively called irl, possesses
mainly a close conformation, with the A-loop folded in the reaction center of the enzyme,
as revealed by the crystallography study [67] and biophysical measurements [245]. The
DFG-motif is in the Asp-out form with the phenylalanine sandwiched by the interaction-
core. A hydrogen-bond network has been described as critical for the maintenance of such
conformation [92].

The kinase domain of the productive state (1IR3), also called irA, is found phosphory-
lated at the A-loop and in complex with a AMP-PNP molecule and a peptide substrate.
The protein has DFG-motif in Asp-in form and the A-loop in a open conformation stabi-
lized by the phosphate groups.

In addition, a third state is also present (1144), also referred to as intermediate form or
irM, where the A-loop is not completely visible but it is supposed to have an intermediate
conformation between the one of irl and irA. The structure in the crystal was achieved by
the replacement of Asp1138 in the A-loop to alanine [269] which resulted in the breakage
of the close conformation as confirmed by other experimental results [92]. The DFG-
motif is in the Asp-in conformation but the phenylalanine has a different position than in
the productive form. This conformation of the protein is interesting for several reasons.
Analyzing the A-loop sequences of the tyrosine kinases substitutions are frequent for
residues described as part of the critical bonding for the close A-loop. Furthermore, the
structure should represent an intermediate conformation between the non-productive and
the productive forms of Insr and could be a valid target for drug design purpose.

5.4.2 The dynamics of Insr

The MD simulation for the three systems was carried out as described in materials and
methods. To have a first feeling about the evolution of the conformations, the structural
comparisons between the initial protein conformations (0 ns) and the snapshot taken at
3 nanoseconds of the trajectories, is shown in figure 5.1 on the next page. The major
conformational change of all three structures is the rotation of the N-lobe on the C-lobe.
The structures of irA and irM rotate in the direction of the C-helix while the irl on the
opposite, toward the Gly-rich loop. In more details, the irA state appears to counteract
the removal of the AMP-PNP ligand with close-up movements of the ATP-binding site.
For the A-loop, both non-productive and productive KD show a stable conformation of
this structural element over time. While, the intermediate state shows an appreciable
extension of the A-loop which optimizes the packing with the C-lobe during simulation.

RMSD patterns

From the RMSD comparison of the Ca~atoms of the three KD states, plotted in figure 5.2
on page 111, the intermediate conformation shows to reach the dynamic equilibrium with
a higher initial (within the first nanosecond) deviation compared to the other structures.
Then the amplitude of fluctuations decreases with a mean value of approximately 2.5 A
for the last two nanoseconds. This value is just slightly higher than the average for the irl
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(a) non-productive state, asp-out

(c) intermediate state, asp-out

Figure 5.1: Structural comparison at different simulation time points (0 and 3 ns) for
the three KD conformations of Insr. Protein are shown with cartoon representation and
color-coded. Furthermore, DFG motifs are depicted in stick representation. Structures at
simulation time 0 ns (before MD) are colored in light-blue with A-loop in blue while those
at time point 3 ns are colored in salmon with A-loop in red.
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(2.2 A) and for irA (2.1 A). When the RMS deviation is decomposed for the two lobes, as
in the case of Flt3 in chapter 4 on page 79, the N-terminal substructure reaches stability
with RMSD values of 1 A higher that the one of the C-lobe. Further analysis of the N-lobe
elements reveals that in contrary to the oncogenic F1t3 trends, major variations are seen
for the N-lobe without C-helix than for the isolated helix. Larger fluctuations are found
for the last three plots in figure 5.2, with two peaks reaching 6 A of deviation for irM, at
0.5 and 2.5 nanoseconds, and a rather stable progression for the other two.

1 | 1
' | ' | ' I N-lobe, no C-helix

RMS deviation
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! | |
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Time
Figure 5.2: Plots of RMS deviations of Ca-atoms of the catalytic domain for the three
Insr conformations. The progressions of the RMS deviation from the initial structures is

reported in A as function of time (in ps). The non-productive, productive and intermediate
states are in black, red and green, respectively.

Other parameters

While computing the sterical parameters for the three states of the protein, an initial
peak is revealed in both non-productive and intermediate conformations when compared
to the stable trend acquired for the third state (see figure 5.3a and figure 5.3b on the next
page). Thus, the average values are taken for the last 3 nanoseconds.

About the compactness of the structures, the progress of the radius of gyration during
the simulation (figure 5.3a on the following page) shows a more packed conformation
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for the irA (18,9 A) than irI (19.2 A) and irtM (19.7 A). The profiles of the previous
patterns are in agreement with the ones observed for the inter-lobe distances. The last 3
nanoseconds show quite stable patterns with an average value of 24.2 A for irA, 26 A for
irl and 26.8 A for irM.

In general, all three structures are stable over time with constant folding and adjust-
ments of the directionality of the two lobes. The portions of the N-lobe move together as
a unique subdomain.

The non-productive conformation is stable but the pocket available for binding is
reduced being the space occupied by the phenylalanine of the DFG-motif. As could be
expected, the relaxation of productive state leads to a slight collapse of the ATP-binding
site. The third structure of the Insr, the intermediate, is also stable within the simulation
time. The conformation of the DFG-motif seems to help the kinase to maintained a
wide-open structure with less contacts between the inner faces of the lobes.

21— ‘ ‘ ‘ ‘ 29

Radius of gyration
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18y 1000 2000 3000 4000 5000 230 1000 2000 3000 4000 5000
Time Time
(a) Insr radius of gyration (b) Insr inter-lobe distances

Figure 5.3: Development of the radius of gyration and inter-lobe distance for KD confor-
mations of Insr during simulations. The progressions of the radius of gyration (a) and of
the distance between the centers of mass of the N-lobe and C-lobe (b), are reported in A
and plotted as function of time, in ps. The non-productive, productive and intermediate
states are in black, red and green, respectively.

5.4.3 Dynamics of H1-H2 interfaces

The trajectories were further analyzed to infer the dynamics of the residues at the interface
of N- and C-lobe identified in chapter 3 on page 53. This pool of amino acids were
suggested to play an important role for the main conformation of the kinase domain as
well as for its dynamics.

As early described, changes in the van der Waals contacts are seen comparing the non-
productive and productive states. A minor change for the Met1106 is appreciated from
the figure 5.4 on the facing page, as well as the rearrangements of Phe1081, Leul150 and
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Figure 5.4: H1-H2 interface residues of the three Insr states. Amino acids at the interface
of HI and H2, according to chapter 3 on page 53, are depicted in sticks representation. The
atoms are colored according to the type: blue for nitrogen, red for oxygen and yellow for
sulfur. Carbon atoms are colored gray for the non-productive state, magenta for the pro-
ductive and green for the intermediate. Residues are fully labelled for the non-productive

state. Residues experiencing major side chain movements compared to the non-productive
state are labelled in (b) and (c).



114 Dynamics of residues at H1-H2 interface of Insr

Phel155. Furthermore, a different disposition of certain residues is appreciated for the in-
termediate form (figure 5.4 on the previous page). In this state Met1106 and Leul150 have
conformations close to the ones found for the non-productive structure, while phenylala-
nines 1081 and 1155 are closer to the conformations of the productive one. With respect
to the other two structures, Cys1083 and Ile1175 of irM show a new unrevealed move-
ment. The side chain of the cysteine residue switches in between the one of Tyr1149 and
Val1086, pushing them apart.

The dynamical behavior of the residues at the interface was firstly visually inspected
with the trajectory representations in vMD. Two snapshots at different time points were
extract from the simulations and superimposed on residues: Vall173, K1174 and Ile1175.
This superimposition is shown in figure 5.5 on the facing page. To better appreciate the
movements of the side chains of these residues at the interfaces during the three simula-
tions, the RMS fluctuation (RMSF) of their atoms is plotted in figure 5.6 on page 116.
With the relaxation of the structure in the non-productive state (irl), the Cys1083 ac-
commodates its side chain sulfur atom between the Tyr1149 and Vall086 pushing apart
these two residues. The achieved conformation (shown in figure 5.5a on the facing page)
is similar to the one seen in the intermediate state before the simulation (see figure 5.4¢
on the previous page) and appears to trigger the second main structural modification
involving Phel081 and Phel155. These two phenylalanines rearrange the packing of their
rings with major changes expressed in the RMS fluctuation pattern (see figure 5.6 on
page 116). The rest of the residues are found quite stable for irl.

In the productive state, the conformation of the residues is stable to a lesser extent
compare to the irl previously described. Although their hydrophobic interactions are
conserved more than in the non-productive state, the packing becomes less tight from
the beginning of the simulation and is revealed by the translation of the residues around
Vall173, K1174 and Ilel1175 in figure 5.5b on the next page. This behavior might be
connected with the removal of the ligand especially for the interaction between the ligand-
core and the interaction-core. The observation would also agree with the findings that
insulin receptor is more stable in the non-productive state than in the productive one,
when tested in the absence of the ligand [245]. In this conformation, three side chains
show larger mobility than the others, Leul150, Val1173 and the Cys1083 which for a short
period (less than 1 nanosecond), later in the simulation, switches the side chain as for the
non-productive form.

In the last system analyzed, the intermediate state, the side chain movements of
the two phenylalanines, 1081 and 1155, is comparable with the non-productive state,
where these two plus Leull50, continuously change interaction pattern. The Cys1083
switching, described above, is frequently seen within the trajectory. In this system, larger
fluctuations are depicted for the Met1106 atoms. The motions of this residue appeared to
be coupled with Vall087 through the van der Waals contacts involving their side chains.

In general, the residues at the interfaces of H1 and H2 showed fluctuations of their
side chain atoms lower than 2 A except for Phell55 (see figure 5.6 on page 116). The
polar interactions involving main chain atoms, oxygen of Ile1175 and nitrogen of Val1087,
and side chain atoms, amino group of Lys1174 and carboxyl group of Glul104, are con-
served for the three evolving conformations. The apolar interaction patterns are also well
conserved but present some variations like the side chain switching of Cys1083 and the
continuous rearrangements of Phel081, Leul150 and F1155. Moreover, the intermediate
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Figure 5.5: Structural comparison of H1-H2 interfaces at different simulation time points
(0 and 3 ns) for the three KD conformations of Insr. Residues are depicted in stick
representation and color-coded for atoms. Nitrogen is blue, oxygen is red, sulfur is yellow
and carbon is light-blue for the conformation at 0 ns and light-red for the one at 3 ns.
Labels can be found for the productive state. The structures in the pictures are superposed

on the central residues, Val1173, K117/ and Ile1175.
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Figure 5.6: RMS fluctuations for residues at the H1-H2 interface of Insr states. The

patterns of fluctuations, in A, are shown for atoms of the residues and color-coded for
non-productive, black, productive, red, and intermediate, green. RMSF values at the ex-
tremities of each residue profile are the ones of the main chain atoms while those in
between are from the side chain atoms.

state revealed a new reorganization of Met1106 and Vall087 side chains.

Thus the packed conformation of the interface residues was found quite stable over
the short period of simulation. The small variations of their hydrophobic contacts may
account for larger movements in the rest of the kinase domain on the time scale of the
natural dynamics. The switching of the Cys1083 could be peculiar for the Insr subfamily
whereas, at the same position, an histidine residue is highly conserved. The hydrophobic
contacts of Met1106 might also play a role in different dynamical behavior compared to
other TKs, because this residue is often replaced by cysteines or alanines whose shorter
side chains may account for these differences.

Recently, solved crystal structures of Fgfr2 KD were published for the wild-type protein
as well as for some mutants [270]. The authors suggested the existence of a "molecular
brake” for the kinase domain: an hydrogen-bond network that involves residues Asn549
(His1085 in Insr), Glub65 (Glul104 in Insr) and Lys641 (Lys1174 in Insr). Glutamate and
lysine are among those residues identified at the H1-H2 interface group. In-vitro assays of
the Fgfr2 mutants showed their higher activities compare to the wild-type protein which
is in agreement with the finding that they occur in certain malignancies [270]. Moreover,
the structural comparison reveal the modification of molecular brake conformation for
mutants affecting these residues as well as for the productive state of the protein.

The reported results of the mutations of Fgfr2, at the position of Glu1104 and Lys1174
for Insr, support the critical role played by one of the two polar interactions of the interface
suggested in chapter 3 on page 53.

Thus, the next arisen issue, is the major function of the other residues at the interface
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of the two lobes, which are forming the tight packing suggested to rule the structure
disposition and dynamics of TK catalytic domains.

P-loop C-helix
—_——
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Figure 5.7: Sequence alignment of Insr and Alk KDs. The amino acid sequences of the
two TKs are shown in one-letter code, secondary structures are labeled at the bottom while
defined regions are depicted at the top and colored in blue. All conserved residues of the
sequences are colored in green, residues important for catalysis are in red and residues
binding to the ligand core are shown in light magenta. Insr KD sequence corresponding
to the crystallographic structure 1IRK is shown while the Alk sequence as well as the
numbering for both come from EXPASY entries (P06213 for Insr and QIUM73 for Alk.)

A Hint about this subject came from the results obtained in a previous study about
Alk kinase domain (data not shown). Homology models were carried out based on the
three structures of Insr and the protein conformations were optimized via MD simula-
tion. The models and their dynamics were judged sub-optimal because the side chain
of methionine at the hinge region, corresponding to Met1106 in Insr, was modelled in a
different conformation than found in the template structures. The difference is the result
of the construction of the loop between (36 and 37 which is longer in the target sequence
than in the template (in the previous alignment). This element is found close in space
to the methionine, in the predicted structure, and its conformation would clash with the
methionine side chain as found in the template. The reason was attributed to the presence
of two proline within the sequence of the loop (see alignment above). Thus, it is likely
that this presence restrains the spatial conformation of the loop because of the restricted
¢ and v angle values achievable by this type of residue. The packing of the residues at
H1-H2 interface of the protein models resulted different than seen for Insr. Although the
overall folding was maintained, the dynamical evolution of the system deviates from the
initial coordinates with large changes for the methionine and the protein.



This was interpreted as a confirmation of the importance of the correct position of
methionine residue.

5.5 Conclusions

Having in mind homology modeling for structure-based drug design, the Insr crystallo-
graphic structure 1IR3 is an ideal candidate to produce models of the kinase domain in
the active state. The relaxed structure is less suitable because the out coming confor-
mation from MD depicts a smaller ATP-binding site due to the missing interaction of
binding-core. The intermediate conformation is surely an interesting structure for protein
modeling and its ATP-binding pocket has a particular shape given by the conformation
of the DFG-motif and the A-loop. The binding-core residues do not interact with any
partner and are free for new contacts. Initial coordinates and their snapshots at different
time points of the calculated trajectory might be used to enlarge the set of templates for
intermediate protein conformations.

In respect to the H1-H2 interface subject, the investigations here reported confirmed
the hypothesis of the central role of this region in the KD features of Insr. The answer to
certain questions like: which are the structural and dynamical effects for the replacement
of hydrophobic residues of this region? and again, are there large variations of their
interaction patterns while KD undergoes activation?, might be of great help for a better
understanding of protein kinases under normal and aberrant conditions. These issues
could be addressed by combining site-directed mutagenesis, fluorescence, spectroscopy
and MD studies on mutated KDs. In addition, further studies might extend these findings
by investigation of structure and dynamics of others tyrosine kinases which are predicted
to highlight difference for the kinase domain features.
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Final conclusions

Studies concerning sequence, structure and dynamics of tyrosine kinase domains were
presented in the chapters of this thesis. One of the problems occurring when the subject
of the study is a large protein family, as in the case of tyrosine kinases, is the wealth of
information to deal with. Although, there is no doubt regarding the usefulness of the
thousands of publications on the topic, the collection of the complete set of information
can be an issue.

While carrying out these studies more than hundred solved crystal structures, with
a large portion released just in the last 2 years, were collected and investigated. Fur-
thermore, a protocol for the alignment of the 90 KD sequences of TKs is given but the
out-coming result! might be difficult to exploit because of the laboriousness to display it
on normal computer screens or A4 paper format with a readable font size. The used so-
lution was to print parts of the alignment in different sheets and then join them together,
in a "leporello-like” way.

With the comparison of the KD structures in complex with ligands, the minimal
requirements for a molecule to bind at the ATP pocket were identified and called ”ligand
core”. One hydrogen bond with the hinge region and several hydrophobic contacts with
4 residues, whose side chains have a conserved hydrophobic character throughout the
kinases, was recognized as the ”interaction core”. These knowledge can be used as minimal
pharmacophore model to screen molecules against the cofactor pocket for hit finding
during drug design processes.

With the aim of finding reasons at the sequence level for conformational differences,
further comparison of the kinase domain crystals have been performed. In this respect, 5
clusters of mainly hydrophobic residues were identified and their disposition in different
states and kinases investigated. These residues interact in different ways depending on
the KD type and state. Thus, families of kinases were suggested because characterized
by similar arrangements of the clusters in non-productive and productive conformations.

A deeper observation of two of the clusters, namely the hydrophobic core of the two
lobes, revealed a special configuration of 14 residues at the interface. On the one hand,
in the inner part of the protein, some of these residues build up two facing planes whose
function is suggested to allow the independent movements of the two lobes. On the other
hand, the outer part of this interface depicts two pawls from the C-lobe which embed the
N-lobe by surrounding residues of the loop at C-terminal position of the C-helix. The
stability of these residues was explored by MD simulations of experimental structures of
the non-productive, productive and intermediate states of Insr. Major fluctuations are
seen for residues on one side of the interface, closer to the C-helix, in all the conformations

! Attached as appendix in soft form within the compact disk
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of the KD. Furthermore, other amino acids at the interface showed different dynamical
behavior characterizing the states of the protein. Replacements of the less conserved H1-
H2 interface residues are predicted to characterize the KD conformation and dynamics
of members of the TK family. In a possible panorama, deduced by these findings, the
interactions among the interface residues change while the protein undergoes from one
state to another one. Such changes are partly ruled by the C-helix element through its
interaction with some interface residues, at the position of Phel081 and Phell55 in Insr,
and its influence on the conformation of the loop found at its C-terminal position.

This piece of information can also be useful within homology modeling for correct
assignment of this structurally conserved region in the sequence alignment and its proper
conformation in the predicted structure. The latter could be further optimized by struc-
ture relaxation with MD simulations.

The last issue analyzed is the role of C-helix in the activation of F1t3 kinase domain.
This protein was depicted by X-ray crystallography in complex with its juxtamembrane
domain which inhibits the kinase activity stabilizing the non-productive state of the KD.
Aberrant structural modifications of the auto-inhibitory domain have been correlated with
the constitutive activation of Flt3 and found in the occurrence of certain hematopoiesis.
Normal and oncogenic ways of activation of this kinase were predicted to follow the same
path where the interaction between JM and the enzyme is disrupted.

The comparison of the dynamics of F1t3 constructs, with shorter JMs, and wild-type
protein revealed the function of the auto-inhibitory domain blocking the movements of the
C-helix. With the relief of the juxtamembrane, the N-lobe undergoes structural changes
mainly driven by the C-helix. Thus, the role of the element in the first step of the KD
activation of both wild type and oncogenic proteins was suggested.

Earlier findings about the ligand-complexes focused on defining 38 residues which
built up the ATP-binding site. The amino acid variance among protein kinases was
pointed out and major efforts were spent on how to achieve the ligand-binding selectivity.
Here, the function of the binding-core residues is revealed crucial for stabilizing the KD
conformation. The binding-core of tyrosine kinases can interact with the phenylalanine
of the DFG-motif in the KD apo-form, while it is always in contact with the ligand-core
in the bound-form. Thus, the ligand-core is seen as the minimal pharmacophore for TK
inhibitors competing with ATP.

Several studies on the KD structures showed how interaction and conformation of
three elements of the KD, namely C-helix, Gly-rich loop and A-loop, rule the structural
arrangement of specific tyrosine kinases in certain states. In the present work a different
point of view was used to understand a large set of conformations of different TKs.
The hypothesis is that there should be stretches of amino acids in the protein primary
structure of KDs whose variations account for the different three-dimensional topologies as
depicted by the experimental structures. The study revealed the H1-H2 interface residues
as possible region implicated in the stabilization of the achievable conformations and in
the dynamics of the catalytic domain. Although, it is not the only region to rule such
features, it is for sure an important and until now less explored one.

The molecular description of the activation of kinase domain have been already at-
tempt before. In these studies, usually, conformational changes are forced by the applica-
tion of external forces or potentials to the system. The novelty of the trials here presented,
is the simulation of a perturbed auto-inhibitory system. The response of the Flt3 KD to
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the release of its auto-inhibitory mechanism was monitored by MD. The interest was to
highlight which elements of the protein experience motion while the system goes from one
thermodynamic state toward another one. The approach was successfully and resulted in
the C-helix dynamics playing a major role for the N-lobe conformational change. Which
is suggested as first step in the activation partway.
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Riassunto

L’argomento di questa tesi ¢ la parte in comune delle proteine appartenenti alla famiglia
delle tirosine chinasi (TKs): il dominio kinasico (KD). Questa ¢ la porzione enzimatica
che catalizza il trasferimento di un gruppo fosforico da una molecola di ATP ad un residuo
di tirosina di un substrato peptidico.

Le cellule hanno sviluppato questo espediente attraverso molti processi evolutivi fi-
no al raggiungimento di una stabilta nel funzionamento e nel controllo negli organismi
eucarioti multicellulari. Attraverso il rimescolamento e la duplicazione genica, questa fa-
miglia di proteine si e allargata e differenziata in membri con topologie differenti. La
gamma di diverse subunita proteiche che si trovano in posizione N- e C-terminale al KD
caratterizza le TKs secondo le loro funzioni e comportamenti biologici, le interazioni con
partners secondari e la localizzazione nella cellula. Due gruppi di protein tirosin chinasi,
transmembrana e citosoliche, sono presenti nella cellula e prendono parte allo scambio di
diversi tipi di segnali. I membri del primo gruppo sono capaci di captare un segnale speci-
fico dall’ambiente extracellulare e di transdurlo all’interno della cellula; vengono chiamati
recettori tirosin chinasici. Le proteine del secondo gruppo vengono spesso ritrovate in
vie biologiche dove trasferiscono e differenziano segnali diversi e vengono chiamate tirosin
chinasi non recettoriali. Nell'uomo, 90 tirosin chinasi sono state identificate e classificate
in 30 sottofamiglie per le loro similitudini nelle sequenze aminoacidiche.

Il ruolo cruciale di queste proteine nella crescita, sviluppo e differenziazzione cellulare
e stato confermato da numerosi articoli scientifici in letteratura cosi come la loro parte-
cipazione in numerose malattie. Infatti, diverse modificazioni proteiche come mutazioni,
delezioni e inserzioni di uno o piu aminoacidi sono riscontrate in diverse patologie dove
I’attivita enzimatica delle TKs risulta anormale. Inoltre, sovraespressioni e fusioni di par-
te di queste proteine sono state isolate da linee cellulari oncogeniche. Percio la necessita di
comprendere il meccanismo e la possibilita di trattare molte malattie dove sono implicate
le TKSs, ha spinto la comunita scientifica a studiare vari aspetti di queste proteine.

Il lavoro qui presentato va in questa direzione. La sequenza, la struttura, la dinami-
ca e l'interazione col ligando sono alcune caratteristiche del dominio chinasico prese in
considerazione in questo studio. Questioni riguardanti il riconoscimento del ligando, le
caratteristiche strutturali determinate da variazioni nella sequenza e la dinamica dell’at-
tivazione dell’enzima sono state poste al fine di esplorare il dominio chinasico a livello
molecolare attraverso diversi strumenti computazionali.

Lo studio incomincia con lo screening di diverse banche dati al fine di ottenere infor-
mazioni riguardanti il KD. Le sequenze aminoacidiche delle TKs sono state analizzate e
studiate attraverso I’allineamenti multipli per valutare la conservazione dei residui nei vari
membri della famiglia. Quindi, le strutture risolte sperimentalmente sono state cercate
nel protein databank (PDB) e raccolte.
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I complessi ligando-KD sono stati comparati per trovare i requisiti minimi necessari
a una molecola per interagire nel sito di legame dell’ATP. Con la definizione ”ligand-
core”, nel secondo capitolo, vengono identificati gli elementi strutturali essenziali in un
composto per potersi legare alle TKs. Questa parte del ligando interagisce con il dominio
catalitico attraverso un legame idrogeno e diversi contatti di van der Waals con residui il
cui carattere idrofobico e conservato nei diversi membri della famiglia.

Successivamente, sono state messe a confronto le strutture cristallografiche delle KDs
per evidenziare le parti tridimensionali conservate cosi come le deviazioni conformazionali
dovute a differenze nella struttura primaria. Nel terzo capitolo, cinque gruppi (clusters)
di aminoacidi sono stati identificati nel KD e sembrano avere un ruolo principale nella
conformazione di questi enzimi. In base alla disposizione di questi clusters nei diver-
si stati enzimatici, e stata proposta una classificazione di queste proteine nel tentativo
di accumunare gli elementi con dinamica molecolare simile. In particolare, 14 residui
all’interfaccia tra il lobo N e il lobo C sembrano essere di cruciale importanza per la
conformazione strutturale ed il comportamento dinamico di queste proteine. Il tipo di
aminoacidi e le loro interazioni (2 polari e molti contatti idrofobici) risultano conservati
nelle sottofamiglie delle TKs. In questo capitolo, sono inoltre descritte altre caratteristiche
dei ligandi delle tirosin chinasi, come la conformazione, le interazioni e la farmacologia.
Infine, sono riportati esempi di riconoscimento ligando-proteina; nel caso delle tirosin chi-
nasi vengono riscontrati due meccanismi: i) 'adattamento della proteina al ligando e ii)
la conformazione proteica complementare a quella del ligando (teoria chiave-serratura).

Il capitolo quarto comincia con la validazione delle simulazioni dinamiche molecolari
(molecular dynamics simulation, MD) come metodo per studiare i movimenti del dominio
chinasico. Diverse traiettorie sono state calcolate, via MD, per la conformazione non-
produttiva e produttiva del recettore insulinico (Insr) al fine di capire la riproducibilita
di questo tipo di simulazioni. Il cuore di questo capitolo e dedicato all’esplorazione di un
possibile meccanismo d’attivazione enzimatica riguardante il dominio chinasico.

La proteina FI1t3, coinvolta nella normale ematopoiesi, e implicata in alcune malattie
come la leucemia mieloide acuta (AML) quando la sua attivita enzimatica ¢ fuori con-
trollo per la presenza di una doppia duplicazione interna (interna tandem duplication,
ITD) a livello del dominio juxtamembrana (JM). La funzione autoinibitoria del JM nei
riguardi del dominio chinasico e stata rivelata dalla struttura cristallografica; ’anormale
inserzione di I'TDs nello juxtamembrana, porta all’attivazione costitutiva dell’enzima. I
movimenti del dominio catalitico di Flt3 sono stati predetti via MD sia per la struttura
della proteina nella sua forma wild-type che per diverse forme aventi ITDs. Quest’ultime
strutture sono state generate virtualmente grazie a tecniche di modellazione per omologia
(homology modeling). Con queste prime valutazioni, il meccanismo inibitorio del JM &
stato interpretato come ostacolo sterico agente sull’elica C, ed e stato successivamente
approfondito con lo studio di simulazioni su costrutti di Flt3 dove parti dello juxtamem-
brana sono stati rimossi. La liberta di movimento dell’elica C ottenuta dalla rimozione
dell’interazione, anche parziale, del dominio autoinibitore, ¢ stata identificata come la
forza motrice per i movimenti del resto del lobo N.

Gli aminoacidi all’interfaccia tra i due lobi, identificati nel terzo capitolo, sono stati
ulteriormente esaminati nel quinto. Le dinamiche molecolari delle strutture cristallogra-
fiche non-produttiva e produttiva di Insr cosi come una terza conformazione (intermedia
tra i due stati) sono state studiate ponendo particolare attenzione sui residui all’interfac-
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cia. Mentre la conformazione della maggioranza di questi residui resta stabile durante le
simulazioni, un riarrangiamento dell’interazione per una triade di aminoacidi in prossi-
mita dell’elica C ¢ visibile. Ulteriori cambiamenti conformazionali sono apprezzabili per
le catene laterali di due residui, uno della ”hinge region” e il secondo del loop in posizione
C-terminale rispetto all’elica C.

Nello sviluppo di ligandi basato sulla struttura del bersaglio, una delle principali que-
stioni, e la scelta della migliore conformazione proteica come candidato molecolare. Spes-
so, le strutture sperimentali disponibili non sono sufficienti a colmare le necessita ed
in alternativa la tecnica in-silico "homology modeling” puo essere usata per predire la
struttura proteica desiderata. Questo metodo ¢ basato sull’identificazione delle regioni
strutturalmente conservate (SCRs) nella proteina templato da trasporre alla sequenza
obiettivo. L’isolamento di SCRs dovrebbe essere il pitl accurato possibile per poter ge-
nerare un modello tridimensionale stabile e significativo. In questo lavoro, sono state
valutate le strutture di Insr come possibili templati generali per 'homology modeling del-
le tirosin chinasi. Inoltre, sono state proproste come SCRs i residui all’interfaccia tra i
due lobi.

Concludendo, l'identificazione del "ligand-core” puo essere usato come farmacoforo
minimo nel caso in cui le interazioni KD-ligando siano analizzate come per esempio nei
protocolli di ”virtual screening”. 14 residui sono stati isolati all’interfaccia tra i due lobi
del KD e le loro normali fluttuazioni dinamiche sono state valutate per tre differenti
conformazioni del recettore per 'insulina. Di fatto, questi 14 residui sono buoni candidati
tra le possibili sequenze aminoacidiche implicate nella stabilizzazione delle conformazioni
diversamente popolate del dominio chinasico. Infine, il meccanismo di attivazione della
proteina Flt3 nella forma wild-type ed oncogenica e stato esaminato. Certi elementi del
KD, in particolare l'elica C, sono stati proposti come componenti principali durante il
cambiamento conformazionale che porta all’attivazione enzimatica.
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Résumé

Le domaine commun des protéines tyrosine kinases (TKs), le domaine kinase (DK), est
I'objet de la présente these. Il constitue 'entité enzymatique catalysant le transfert d’un
groupement phosphate d’une molécule d’ATP a un résidu tyrosine du substrat peptidique.
La structure primaire du domaine catalytique rassemble environ 300 acides aminés qui se
replient pour former une protéine soluble d’environ 30 KDa localisée dans le cytoplasme.

Dans la figure 6.1, 'on apercoit sa structure bilobée classique, c’est-a-dire le lobe
N-terminal et le lobe C-terminal connectés par un segment nommé ”hinge region”.

Fic. 6.1: L’arrangement en 3D du domaine catalytique. Les éléments de structure secon-
daire de la structure cristalline du récepteur de l'insuline (abrégé Insr, code PDB : 1IRK)
sont représentés en “cartoon” et colorées comme suit : jaune pour les feuillets, vert pour les
boucles et rouge pour les hélices. Les coordonnées atomiques ont été déssinées en utilisant
le logiciel PYMOL [1].

La terminaison aminée du domaine formant le lobe N-terminal comporte une partie
centrale majeure composée de feuillets 5 antiparalleles et d'une hélice a (1) (voir image
6.1), appelé hélice C enjambant les feuillets 3 3 et 4. Le lobe C-terminal a un noyau
hélicoidal de six hélices v conservées et un petit feuillet 3 (voir image 6.1).

D’apres les travaux accumulés sur la protéine [2], ses fonctions biophysiques/biochimiques
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principales sont les suivantes :

i) La liaison et I'orientation des cofacteurs ou contre-ions du complexe ; principalement
I’ATP, mais aussi le GTP, avec des phosphates coordonnés par un ou deux cations divalents
Mgt ou Mn™™; ii) La liaison et 'orientation du substrat peptidique; iii) Le transfert du
phosphate v du cofacteur a un hydroxyl d’une chaine latérale d’un résidu (soit la sérine,
la thréonine ou la tyrosine) du substrat.

Les cellules ont développé ce systeme basé sur les protéines kinases durant de multiples
étapes de I'évolution jusqu’a atteindre une fonction et un controle stables dans les euka-
ryotes multicellulaires [3]. Par le biais de réagencements de domaines et de dédoublement
de genes, la famille de protéines en question s’est élargie et s’est différenciée en divers
éléments ayant différentes topologies [4]. C’est la variation de modules protéiques des cotés
N- et C-terminaux du DK qui détermine les fonctions biologiques, les comportements, les
interactions avec des partenaires secondaires et la localisation cellulaire [5]. Il existe deux
groupes de kinases : les protéines transmembranaires et les protéines cytosoliques, les
deux étant impliquées dans la signalisation cellulaire [6]. Les premieres, appelées ”recep-
teur tyrosine kinases”, sont capables de détecter un signal spécifique de 'environnement
extracellulaire et de le transmettre dans la cellule. Cependant, les dernieres, nommeées
"non-recepteur tyrosine kinases”, sont souvent trouvées dans les voies de signalisation
biologiques ot ils transferent et modulent divers signaux dans la cellule. Chez 'homme,
90 tyrosine kinases ont été identifiées et classifiées en 30 sous-familles par similarité de
séquence [7].

Dans des conditions physiologiques, le role principal des protéines tyrosine kinases est
la croissance, la différentiation et la communication cellulaire [6]. Dans des conditions
pathologiques par contre, la dérégulation de ces enzymes a principalement été corrélée a
I'apparition de tumeurs, du diabete et d’autres pathologies [8].

Beaucoup de modifications protéiques comme les mutations, les délétions et les in-
sertions de quelques d’acides aminés expliquent le fonctionnement anormal de plusieurs
TKs [8]. De plus, des phénomenes comme la surexpression et la fusion de protéines ont
été identifiés dans des lignées cellulaires a comportement oncogénique. Pour ces raisons, la
necessité de comprendre les mécanismes des maladies liées aux TKs contraint la commu-
nauté scientifique a analyser plusieurs aspects de ces protéines et a chercher un controle
extérieur approprié.

Les inhibiteurs des TKs les mieux connus et les plus efficaces cliniquement miment
principalement ’adénine, ce sont donc des molécules entrant en compétition avec I’ATP
se liant & la méme poche de la protéine [9].

Une grande découverte a été faite avec I'Imatinib, ayant de la sélectivité contre la
protéine de fusion oncogénique Ber-Abl, et les protéines Kit et Pdgfr [10]. En 2001, cette
molécule a obtenu l'autorisation de mise sur le marché de la part de la FDA comme
traitement contre la leucémie myéloide chronique (LMC) [10].

La présente these évalue plusieurs aspects de ces entités enzymatiques proches sur le
plan évolutif en mettant ’accent sur les séquences, les structures, les dynamiques et les
liaisons de ligands respectives. Afin de saisir le domaine de kinase au niveau moléculaire,
des themes comme la reconnaissance moléculaire, les points communs de la liaison d’un
ligand ou les bouts d’acides aminés déterminant les caractéristiques structurales et la
dynamique de 'activation enzymatique sont abordés et explorés par des outils informa-
tiques.
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Comme premiere étape, des bases de données ont été criblées pour rassembler des
informations sur le KD. Dans le but d’évaluer la conservation d’acides aminés parmi
les membres de la famille, les séquences de 90 tyrosine kinases ont été obtenues de la
base de données EXPASY (at us.expasy.org/sprot/) et alignées. Toutefois, les 138 struc-
tures disponibles du domaine catalytique expérimentalement déterminées représentant
30 TKs uniques ont été téléchargées du site web de la "protein databank” (PDB) (at
www.rcsb.org/pdb/home/home.do) et regardées de pres.

Le deuxiéme chapitre commence avec une comparaison des complexes DK-ligand afin
de trouver des caractéristiques de liaison communes. Pour chaque complexe, les résidus
intéragissant avec le ligand ont été étudiés en visualisant la région protéique se situant
4.5 A autour du ligand. Les acides aminés identifiés ont été comparés au niveau de la
séquence par alignement de séquence multiple de toutes les structures considérées. Cette
procédure a permis de mettre en évidence les résidus communs impliqués dans des inter-
actions conservées entre les ligands et les DKs. Dans tous les complexes, ce type commun
d’interactions consiste en des interactions hydrophobes incluant quatre résidus et un pont
hydrogene unique avec un atome d’azote du squelette ; ceci est visualisé pour le récepteur
de l'insuline (Insr) dans I'image 6.2.

Ala1028

Val1010

-
-
.=
Pras
.-

Met1139

F1G. 6.2: Les types d’interactions communs dans les complexes ligand-DK. La structure se-
condaire du DK du récepteur de l'insuline (1IR3) est représentée en tube (magenta), I’ana-
logue de ’ATP apparait en “spheres et batonnets” et les résidus communs en batonnets,
selon un code de couleurs (le carbone en bleu clair pour le ligand et en magenta pour la
protéine, 'oxygéne en rouge, l’azote en bleu foncé, le soufre en jaune, le phosphore en
orange et les ponts hydrogéne en pointillés noirs).

Pour les chaines latérales des 4 résidus prenant part a des liasons van der Waals
avec les ligands, un consensus concernant le caractere hydrophobe est trouvé partout
dans les séquences de la famille des TKs (voir tableau 6.1). A consideérer le ligand,
les caractéristiques minimales (une moitié plane et hydrophobe contenante un atome
accepteur de liason hydrogene) pour qu'une molécule interagisse avec le site de liaison
de 'ATP sont appelée "noyau du ligand”.

Puis, les structures cristallines disponibles ont été comparées afin de comprendre la
conservation tridimensionnelle ainsi que les variations dues aux changements au niveau de
la structure primaire. Les différences dans I'arrangement des portions des DKs ont abouti
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TAB. 6.1: Variabilité des acides aminés du type hydrophobe intéragissant avec le noyau
du ligand. Variance (en pourcentage) du type d’acide aminé aux positions (numérotation
selon le récepteur de l'insuline) impliqué dans les contacts hydrophobes avec le noyau du
ligand.

Leul002 69% Leu

30% lle

1%  Val

Vall010 96% Val
3% e

1% Leu

Alal028 92% Ala

4%  Tle & Val

4%  Cys,Phe & Leu
Met1139 89% Leu

9% Met

2%  Val & Phe

a la définition de cinq groupes hydrophobes (clusters) différents formés par d’acides aminés
participant a des mouvements ou fonctions spécifiques : le noyau hydrophobe du lobe N-
terminal (H1), celui du lobe C-terminal (H2), le noyau d’interaction (la partie protéique
complémentaire au noyau du ligand), la phenylalanine du motif DFG, et une partie de
I’hélix C. Dans I'image 6.3, un exemple pour I’état non-productif et productif du Insr est
donné.

De plus, une classification des DKs a été proposée, basée sur la disposition observée de
ces clusters dans différents états conformationels des DKs. Les réarrangements semblent
étre caractéristiques pour quatre familles, c’est-a-dire les "Insr-like”, les ” Cdk-like”, les
”Sre-like” et ceux qui sont probablement ”always-active”.

L’interface entre les clusters qui appartiennent au noyau hydrophobe des deux lobes
prénte 14 résidus assez conservés qui interagissent par deux contacts polaires et par de
larges contacts apolaires (voir image 6.4). La configuration particuliere de cette région
joue un role potentialment important dans la disposition et la dynamique du DK.

D’un coté, dans la partie intérieure de la protéine, quelques-uns de ces résidus consi-
tuent deux faces opposées dont la fonction pourrait étre de permettre les mouvements
indépendants des deux lobes. De I'autre coté, la partie extérieure de l'interface a montré
deux dents du lobe C-terminal qui encadrent le lobe N-terminal par de residus de la boucle
située en C-terminal de la hélix C.

De surcroit, quand les deux structures de I'Insr (1IRK et 1IR3) sont comparés, deux va-
riations du type d’interaction dans l'interface définie sont repérées. La premiere concerne
une rotation d'une liaison simple a la chaine latérale de la Met1104 appartenant a la
"hinge region” entrainant une perte mineure des liasons van der Waals avec la Vall167 et
la Lys1174 (chaine carbonée). La seconde, plus importante, concerne le réagencement entre
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(a) L’Insr non-productif (b) L’Insr productif

F1G. 6.3: Représentation des états non-productif (code PDB : 1IRK) et productif (1IR3)
de U'Insr tyrosine kinase. Les chaines protéiques sont représentées comme rubans gris.
Les résidus des 5 clusters hydrophobes sont rendus wvisibles par leur surface moléculaire
et par un code de couleurs : en bleu clair pour le cluster 1, en bleu foncé pour le cluster
2, en rose pour le cluster 3, en jaune pour le cluster 4 et en brun pour le cluster 5. Les
résidus participant a la catalyse enzymatique comme les ligands sont déssinés en batonnets.
Le noyau du ligand est visible en CPK. La couleur des atomes est codée de la maniére
suivante : l’azote en bleu, 'oxygene en rouge, le chlore en vert, le phosphore en orange et
le carbone en gris pour les atomes protéiques; les atomes des ligands sont en magenta.

F1G. 6.4: L’interface entre H1 et H2 pour I’Insr non-productif. Les residus situés a l'inter-
face dans la structure cristalline sont représentés en batonnets, étiquetés et chaque type
d’atome apparait dans une couleur bien déterminée : gris pour le carbone, rouge pour
l'ozygene, bleu foncé pour l'azote et jaune pour le soufre. Les surfaces des atomes sont

aussi visibles et codées en couleur pour les clusters : bleu clair pour H1 et bleu foncé pour
H2.
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les résidus Phel081, Cys1083, Val1086, Leul150, Phel155 et [le1175, avec un réarrangement
majeur des résidus numéro 1081, 1150 et 1155. Le changement de conformation pour le
dernier résidu est vu fréquemment, méme si ce n’est pas toujours le cas, entre les états
productifs et non-productifs cristalisés des TKs.

Dans le méme chapitre, différents modes de liaison du ligand sont présentés, leurs
charactéristiques chimiques et des aspects pharmacologiques sont discutés. En outre, la
question de la sélection conformationnelle comparée a la conformation induite par la
liaison du ligand est abordée dans le contexte des inhibiteurs des TKs.

Le quatrieme chapitre commence par 1’évaluation de la simulation de dynamique
moléculaire (DM) en tant que moyen d’analyser le mouvement du DK. Plusieurs trajec-
toires ont été calculées pour les conformations non-productive et productive du récepteur
de I'insuline afin de résoudre le probleme de la réproductivité des trajectoires. Les systemes
et les protocoles de DM ont été testés en utilisant différentes valeurs de départ pour la
génération aléatoire des vitesses initiales. Les trajectoires de chaque état différent. L’in-
tervalle de racine de ’écart-type moyen est plus petit pour les valeurs des parametres de
I’état productif, par rapport a celles de ’état non-productif. La différence de conformation
exprimée en racine de I'écart-type moyen est significative si elle dépasse 6% pour 'état
productif et plus que 13% pour I’état non-productif.

La partie centrale de ce chapitre est dédiée a ’exploration d’un possible mécanisme
d’activation du DK. La protéine Flt3 comportant des duplications en tandem internes
(DTIs) au niveau de la juxtamembrane (JM) est impliquée dans des tumeurs malignes
hématopoiétiques, car I'insertion de la séquence entraine ’activation constitutive du DK.
Depuis 2004, la forme inhibée de la protéine est connue : le DK formant un complexe
serré avec la petite JM [11]. De l'information structurale, il a été déduit que l'activation
oncogénique par les DTIs résulte d'une rupture de l'interaction entre une partie de la JM
et le DK [11].

Le mouvement de Flt3 a été calculé pour la protéine ”wild-type” et pour plusieurs
modeles d’homologie contenant des DTIs. L’idée de cette premiere évaluation par DM,
une géne stérique de la JM agissant sur 'hélix C, a été étudiée plus tard avec des Flt3 ou
des parties de la JM ont été éliminées. Le premier modele, F1t3-593, contient la partie de
la JM couvrant I’hélix C, mais manque le feuillet 3 et la région enfouie. Pour le deuxieme,
F1t3-603, toute la JM manque. Les dynamiques respectives de ces deux systemes et de la
protéine "wild-type” ont été calculées durant 10 ns de la vie protéique par DM.

La protéine F1t3-603 répond immédiatement (avant la premiére nanoseconde de simu-
lation) au retrait de la JM entiere avec un changement majeur principalement du lobe
N-terminal. Cependant, la délétion partielle de la JM de F1t3-593 engendre une variation
structurale similaire, mais apparaissant plus tardivement (apres la premiere nanoseconde).
Dans la figure 6.5 la nature de ces mouvements est représentée par la superposition de
deux conformations de FIt3-603 reproduites a des moments différents. En accord avec les
vérifications visuelles, I'analyse différentielle de la racine de 1’écart-type moyen montre
qu’il y a des régions subissant plus de mouvements que d’autres tandis que le repliement
général des trois systémes reste conservé (voir image 6.6). Les valeurs de la racine de
I’écart-type moyen du DK sont relativement bas, allant de 0.8 & 2.7 A et plutot stables
au cours du temps, tandis qu’il n’y a pas de différences majeures pour le lobe C-terminal
ayant des valeurs de racine de 'écart-type moyen sous 1.2 A pour les trois protéines.
Néanmoins, pour le lobe N-terminal, plusiers formes stables et cavantage de mouvement
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Fic. 6.5: Changements conformationnels de FIt3-603. Les structures secondaires des
protéines sont montrées en rubans. Les conformations de Flt3-603 sont colorées selon
le temps : En gris pour 0 ns et en vert pour 1 ns.

| | | | | | | | |
N-lobe, no C-helix — . | , | ,

RMSD

ORNWAUTIORLNWAROIORLNWAUI

Fic. 6.6: La stabilité des différentes parties de FIt3. La racine de [’écart-type moyen

indiquée en A exprimée comme fonction du temps en ps pour les atomes Cor du DK. Flt3-
wt est coloré en noir, Flt3-593 en rouge et Flt3-603 en vert. Les racines de [’écart-type
moyen de différentes portions sont montrées dans leurs graphiques correspondants.
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ont été observés dans les trois systemes, dont le "wild-type” qui s’est avéré éetre le plus
stable. Une analyse détaillée a clairement démontré que I'hélice C est 1'élément struc-
tural ayant les valeurs de racine de I’écart-type moyen les plus élevées et présentant les
différences les plus significatives des trois systemes. Pour Flt3-wt, les valeurs de la racine
de D'écart-type moyen sont dans 'ordre de 0.6 & 3 A ; cependant, pour les deux autres
ayant une JM plus courte, les valeurs sont significativement plus importantes et varient
entre 0.6 et 4.5 A. Concernant la tendance générale, F1t3-603 a deux pics correspondant au
relachement de la JM entiere, le premier dans les premieres nanosecondes et le deuxieme
dans les dernieres de la simulation. Par contre, F1t3-593 dispose d'une augmentation plus
lente de la racine de I’écart-type moyen, mais d’une persistance plus longue comparée au
wild-type. L’amplitude plus importante de la racine de ’écart-type moyen de 1'hélice C
isolée par rapport au lobe N-terminal (ce dernier élément ayant été soustrait) pourrait
signifier que cette hélice est le point de départ de tous les mouvements de la région N-
terminale.

En résumant, les relachements des portions de la JM ont indiqué un changement
conformationnel majeur du lobe N-terminal et son hélice C parait controler ce mouvement.
Surement, des études plus approfondies sont nécessaires pour préciser, prouver ou réfuter
ces résultats. Pour qu’il y ait activation, des changements plus importants que ceux du
DK doivent se faire, notamment le reagencement du motif DFG et I'ouverture de la boucle
d’activation. Quoi qu’il en soit, les résultats présentés suggerent un role majeur de 1’hélice
C durant la premiére étape de l'activation du DK de la protéine Fl1t3.

Les résidus analysés au troisieme chapitre sont de nouveau investigués au cinquieme.
Les dynamiques des deux structures crystallines de I'Insr, la non-productive et la produc-
tive, ainsi que celle d’une troisieme conformation ont été regardées de pres en mettant
I’accent sur les résidus de l'interface. Parmi les trajectoires calculées, la conformation
intermédiaire atteint I’équilibre dynamique avec une déviation initiale (dans la premiere
nanoseconde) plus grande comparée aux autres structures. De maniere générale, les trois
structures ont été stables avec une rotation mineure du lobe N-terminal par rapport au
lobe C-terminal, déterminant ainsi la conformation globale.

De méme, la majorité des 14 résidus de l'interface ont été stables pour les trois protéines
durant la DM (voir image 6.7). Un réarrangement majeur des interactions pour une triade
de résidus (la Phel081, la Leull50 et la Phell55) dans la région C-terminale de la hélice
C est apparent pour ’état non-productif. De plus, des variations mineures sont montrés
pour les états non-productif et intermédiaire : I'une impliquant la chaine latérale de la
Met1106, appartenant a la ”hinge region”, et une autre deuxieme impliquant la Cys1083
de la boucle C-terminale de I’hélice C.

Durant la DM des deux états mentionnés, la Cys1083 place son atome de soufre de la
chaine latérale entre la Tyr1149 et la Vall086, ce qui éloigne ces résidus 1'un de I'autre.
En général, les résidus a l'interface de H1 et H2 montrent des fluctuations de leurs atomes
de la chaine latérale de moins de 2 A & l’exception de la Phell55 (voir image 6.8). Les
interactions polaires impliquant des atomes de la chaine principale, notamment I'oxygene
de Ile1175 et I'azote de Vall087, et des atomes de chaines latérales, soit le groupement
amine de Lys1174 et le carboxyle de Glul104, sont conservés pour les trois conformations.
Les types d’interaction apolaires sont aussi bien conservés, mais présentent quelques va-
riations telles que l'ajustement de la chaine latérale de Cys1083 et les réarrangements
continus de la Phel081, la Leul150 et la Phel155. L’état intermédiaire a révélé une nou-
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M1106

V1167 V1173

Fic. 6.7: Une comparaison structurale de l'interface H1-H2 a différents temps de la si-
mulation (0 and 3 ns) pour la conformation productive du DK de I'Insr. Les résidus sont
représentés en batonnets, €tiquetés et colorés selon le type d’atome : L’azote en bleu,
l'ozygéne en rouge, le soufre en jaune et le carbone en bleu clair pour la conformation a

0 ns et en rouge clair pour celle a 3 ns. Les structures dans ['image sont superposées sur
les résidus centrauz, la Vall173, la Lys117j et ['lle1175.
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F1c. 6.8: Les fluctuations RMS des résidus a l'interface entre H1 et H2 des états de I'Insr.
Les types de fluctuation en A sont montrées pour les atomes des résidus et colorées selon
un code de couleur : noir pour l’état non-productif, rouge pour le productif et vert pour
[intermédiaire. Les valeurs RMSF aux extrémités du profil pour chaque résidu sont ceux
des atomes de la chaine principale, tandis que les valeurs intermédiaires appartiennent
auz chaines latérales.
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velle organisation des chaines latérales de la Met1106 et la Vall087.

La conformation dense des résidus de l'interface a été relativement stable pendant la
courte durée de simulation. Les variations mineures des liasons hydrophobes pourraient
aussi étre responsables de mouvements plus grands dans le reste du DK, sur ’échelle de
la dynamique naturelle. La rotation de la Cys1083 pourrait étre spécifique de la sousfa-
mille des Insr, tandis qu’ a la méme position, une histidine est hautement conservée. Les
contacts hydrophobes de la Met1106 pourraient aussi jouer un role dans le comportement
dynamique différent comparé a d’autres TKs, car ce résidu est souvent remplacé par des
cystéines ou des alanines dont les chaines latérales sont plus courtes.

Récemment, les structures crystallines du DK de Fgfr2 ont été publiées pour la protéine
"wild-type” ainsi que pour quelques protéines mutées [12]. Les résultats présentés pour
des mutations du Fgfr2, a la position du Glul104 et de la Lys1174 selon la numérotation
de T'Insr, consolident le role critique joué par l'une des deux interactions polaires de
I'interface.

Il est possible d’imaginer que les interactions des résidus de I'interface changent pen-
dant que la protéine passe d’un état a l'autre. De tels changements sont partiellement
gouvernés par ’hélice C, par le biais de ses interactions avec des résidus de l'interface,
notamment Phel081 et Phell55 (numérotation selon 1'Insr), et son influence sur la confor-
mation de la boucle C-terminale.

Un des problemes majeurs de la conception in-silico des médicaments basée sur la
structure est d’avoir une structure protéique comme cible potentielle. Souvent, il n’existe
pas de structure tri dimensionnelle adeéquate et la modélisation par homologie peut étre
utilisée pour prédire la conformation voulue d'une protéine. De maniere générale, cette
méthode identifie les régions de structure conservées (RSCs) d'une structure a transposer
dans une séquence cible. L’isolation des RSCs doit étre aussi précise que possible pour
obtenir un modele en 3D stable et pertinent. Hormis I’évaluation des structures de 'Insr
comme points de départ potentiels pour la modélisation par homologie générale des ty-
rosine kinases, les résidus de l'interface des noyaux hydrophobes des lobes sont suggérés
comme étant des RSCs.

Les découvertes précédentes sur les complexes DK-ligand se sont principalement foca-
lisées sur la définition de 38 résidus définissant le site de liaison de 'ATP [13]. La variabilité
des acides aminés au sein les protéines kinases a été étudiée. Des efforts considérables ont
été consentis pour tendre a une liaison sélective du ligand. Dans ce cas, la fonction des
résidus du noyau de liaison s’avere cruciale a la stabilisation de la conformation du DK.
Le centre de liaison des tyrosine kinases intéragit fréquemment avec la phenylalanine du
motif DFG dans la forme apo du KD, tandis que ce motif est constamment en contact
avec ce centre dans la forme liée. Par conséquent, le noyau de liaison est vu comme le
pharmacophore minimal pour les inhibiteurs de la TK compétitifs avec ’ATP.

Plusieurs études sur des structures du DK ont démontré comment l'interaction et la
conformation de trois éléments du DK, notamment 1’hélice C, la boucle riche en glycines
et la boucle A, commandent I’arrangement structural de tyrosine kinases spécifiques dans
certains états [14-16]. Dans ce travail, une autre approche a été retenue, afin de com-
prendre un nombre important de conformations de différentes TKs. L’hypothese émise
est qu’il devrait y avoir des bouts d’acides aminés dans la structure protéique primaire du
DK dont les variations entrainent différentes topologies tridimensionnelles, conformément
a ce que I'on observe dans les structures expérimentales. Les résidus de l'interface H1-
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H2 ont été révélés comme une région potentiellement impliquée dans la stabilisation des
conformations atteignables et dans la dynamique du domaine catalytique. Néanmoins, elle
n’est pas 'unique région présentant de telles caractéristiques, mais elle est certainement
importante et jusqu’a maintenant elle a peu été explorée.

La description moléculaire de l'activation du DK a déja été essayée auparavant [17].
Dans ces études, de maniere générale, les changements conformationnels sont forcés par
I’application de forces externes ou de potentiels au systeme. La nouveauté des essais
présentés est la simulation d’un systeme auto-inhibiteur perturbé. La réaction du DK
de FIt3 jusqu’au relachement du mécanisme auto-inhibiteur a été suivie par dynamique
moléculaire. L’interét était de souligner quels éléments de la protéine subissent un mou-
vement tandis que le systeme va d’un état thermodynamique a un autre. L’approche a
été couronnée de succes et a fourni une dynamique de I'hélice C jouant un role majeur
dans le changement conformationnel du lobe N-terminal, lequel est censé étre la premiére
étape de la cascade d’activation.
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