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I. Introduction

Kinase is one of the enzymes in the body that plays a key role in signaling and
regulation of cellular activity. Among them, protein kinase refers to a protein
present in the cell or on the cell surface that plays an important role in the cell
signaling system involved in cell metabolism, damage response, adaptation,
growth and differentiation. Protein kinase is achieved by activating a specific
protein or enzyme through phosphorylation to add a phosphate group to the protein.
However, because they are specifically involved in cell growth, proliferation, and
differentiation, their mutation may cause abnormal growth or proliferation, which
is not regulated in the cell, and may cause cancer.[1, 2, 4] By targeting such mutant
protein kinase, tyrosine kinase inhibitor effectively acts as a therapeutic agent. In
2001, the US FDA approved imatinib (Gleevec®) as a treatment for Philadelphia-
positive chronic myelogenous leukemia, contributing significantly to the treatment
of cancer patients. In this paper, we investigate the change of form from inactive
state to active state of c-Src tyrosine kinase, and the imatinib that binds to different

areas according to the conformational change of c-Src tyrosine kinase.[5, 6]

1. Tyrosine Kinase

Kinase is a phospho-transferase that removes high energy phosphate from ATP
and transfers it to the side chain of the substrate protein's serine, threonine, or

tyrosine.

Independent of kinase activity, Src itself is a phospho-protein. c-Src has a
phosphate group in one or more amino acid side chains through a covalent bond.

This means that c-Src acts as a substrate for phosphorylation by protein kinase.[2,3]



Kinase plays a very important role in metabolism, intercellular signaling,
protein regulation, cell transport, secretion, and numerous other cellular reaction

pathways, most of which are protein kinase.

1.1. Protein tyrosine kinases (PTKs)

Protein kinase changes the function of proteins through phosphorylation in the cell,
resulting in various functions. Tyrosine kinase, a type of protein kinase, transmits
one phosphate group to tyrosine from the ATP in the cell, ‘on’ or ‘off” the cell
function. That is, the binding of tyrosine to a single phosphate group is called an
oxidation, which plays an important role in normal cell growth by regulating
intracellular signal transduction and cell activity.[1, 2, 4] Tyrosine kinases are
classified into two types: receptor tyrosine kinases (RTKs) and non-receptor

tyrosine kinases (NRTKs).

Receptors that recognize external stimuli are called receptor tyrosine kinases
(RTKs). RTKs are transmembrane glycoproteins that bind a specific ligand to the
extracellular part and transmit an activated signal inside the cell.[2, 6] RTKs
include epidermal growth receptor (EGFR), platelet-derived growth factor
(PDGF), vascular endothelial growth factor (VEGF), fibroblast growth factor
(FGF), nerve growth factor (NGF) and platelet-derived growth factor (PDGF).

Non-receptor tyrosine kinases (NRTKs) are enzymes that catalyze the
phosphorylation process by moving ATP into the tyrosine residues of proteins in

the cytoplasm.[4, 7]



1.2. Src Family Kinase (SFKs)

Src, Lyn, Fyn, Lck, Hek, BIk, Yes, Fgr, Frk are all non-receptors and are called Src
family kinases (SFK). Among SFKs, Src kinase (i.e. Src, Fyn, Yes) acts on cell
cycle, cell adhesion, cell migration, proliferation and differentiation, and is
expressed overall in cells and tissues. On the other hand, Fgr, Hck, Lck, BIk, etc.

are tissue-specific.[8,9]

In 1911, Peyton Rous harvested and studied sarcoma from chicken breast
muscles, and discovered cancer-causing Rous sarcoma virus (RSV).[6,10] The
RSV gene that promotes sarcoma formation was called Src. The v-Src protein from
the RSV genome initially acts as an oncogene of the retrovirus Rous sarcoma virus.
In contrast, ¢-Src is a homologue in normal v-Src cells. Phosphorylation of Tyr527
inhibits kinase activity. v-Src does not contain Tyr527 and c-Src does not.[11, 12,

13]

All Src family kinases (SFK) proteins consist of domains in which each segment
is common. It is called the Src homology domain 1,2,3 and 4(SH1, SH2, SH3 and
SH4). this sequence answers the puzzle of receptor signaling. In the N-terminal,
the SH4 domain exists, and this part is related to the fixation to lipids. After the
SH4 domain, there exists a unique domain (50-70 residues), which has various
sequences for each member of the SFK protein. The key components of SFK are
the SH3, SH2, Kinase (SH1) domain and C-terminal tail. It starts from residue 84.
Due to the unstable and low solubility of SFK, only these key components (SH3,
SH2, Kinase and C-terminal tail) is X-ray crystallized.[12,13,14,15]
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Figure I- 1. Domain structure of c-Src tyrosine kinase. The Src family kinase consisted

of common domain constructs. SH: homology domain.

1.3. Organization and structure of c-Src tyrosine kinase

The conformational transition pathway of c-Src tyrosine kinase key components
(SH3, SH2, Kinase and C-terminal tail, residues 84-533) was studied using

molecular dynamics simulation.[15,16]

The SH2 domain is a relatively small domain composed of about 100 amino
acid residues and acts as a receptor inside the cell. It also helps to bind to a partner
protein with an amino acid sequence containing phosphorylated tyrosine, resulting

in a physical complex between the two proteins.[17,18]

The SH3 domain consists of compact five f-strands and two prominent
loops.[20] This part adopts poly-proline type II helical conformation when
creating a complex with the SH3 domain and specifically binds to the proline-rich
sequences of partner proteins. The SH3 domain is a very important area involved
in intracellular signal transduction by acting alone or in combination with the SH2

domain or modular domain.[17, 18, 19]

In the active state of c-Src, these domains interact with partner proteins.
However, in the inactive state, it interacts with the molecule through the proline-

rich linker and the C-terminal tail.[20] SH1 and kinase domains are composed of



smaller N-terminal lobe and lager C-terminal lobe.[21] Here, the lager C-terminal
lobe mainly composed of a-helix plays an important role in the morphological
change of c-Src. In order to change the shape of ¢-Src, aC helix must be changed,
and the important residue is Glu310. Glu310 forms a salt-bridge with Lys295 in
the active state to maintain closed conformation. Activation loops performing
autophosphorylation at Tyr 416 are N-terminal lobe and C-terminal lobe. It is

located in between and is an important part for c-Src shape change.[9,18,21]

Inactive form Active form
(PDB : 2SRC) (PDB : 1Y57)

[Esas [@sH2 [MLinker [MKinase [ ] C-terminal tail

Figure I- 2. Two X-ray crystal structures of the c-Src tyrosine kinase: Inactive
conformation (PDB id : 2SRC) and active conformation (PDB id : 1Y57).

In a normal cellular environment, c-Src tyrosine kinase remains inactive (PDB:
2SRC).[13] When Tyr527 in the SH2 region becomes phosphorylated (pTyr527)
and c-Src maintains closed conformation and forms an inactive protein structure.
The c-Src tyrosine kinase causes conformational change by external cell signal
transduction, and can be changed from an inactive state to an active state (active,

PDB: 1Y57).[21] The activation mechanism of c-Src tyrosine kinase is achieved



by controlling phosphorylation. In the inactive state, pTyr527 undergoes

dephosphorylation in pTyr527 in the process of transition to the active state,

causing a structural change from closed conformation to open conformation, and

in this process, Tyr416, which is located near the activation loop, is phosphorylated

through autophosphorylation.[ 18]

Domain

Residue number

SH3 domain

Thr84 - Ser142

SH2 domain

Ile143 - Cys245

Linker

Pro246 - Ser266

Kinase domain

Leu267 - Phe520

C-terminal tail

Thr521 - Leu533

Activation loop

Asp404 - Glu432

oC helix

Pro304 - Lys316

Table I- 1. Key region and domain residues of c-Src tyrosine kinase.[20]

These various domains transmit signals only to the target protein precisely

through highly specialized interactions between proteins inside the cell.[22] Cells

can also receive and process biochemical signals that regulate cell proliferation. If

there is a problem with c-Src tyrosine kinase signaling problems, cancer develops.

To truly understand the complexity of cancer, we have to understand how c-Src

tyrosine kinase manages cell proliferation.[23]



C-terminal tail

Figure I- 3 . Inactive conformation of c-Src Tyrosine kinase and biologically important

regions (Linker, Activation loop, C-terminal tail, and C-Helix).

D
A /“ Kinase domain

2

Figure I- 4 . Active conformation of c-Src Tyrosine kinase and biologically important

regions (Linker, Activation loop, C-terminal tail, and C-Helix).



1.4. Tyrosine kinase inhibitor (TKI)

It is known that the growth factor receptor on the cell surface plays a very
important role in the growth of cancer cells.[2,6] The signaling pathway inhibitor,
which is a targeted therapeutic agent, prevents growth factors from binding to the

receptor or blocks the activation of the cancer cells.[22, 23, 24]

Tyrosine kinase is an important component of the signaling pathway in which
extracellular ligands carry important information from the cytoplasm to the
nucleus. When this receptor is activated abnormally, many types of cancer are
caused.[22] Therefore, blocking tyrosine kinase may act as an anticancer agent.
The first tyrosine kinase inhibitor, imatinib, is a drug better known under the trade
name Gleevec®. Imatinib is a drug that inhibits the activity of tyrosine kinase,
expressed by a kind of cancer gene called the Philadelphia gene, produced by
fusion by the chromosomal translocation of the Ber and Abl genes. Tyrosine
kinases are known to cause chronic myeloid leukemia (CML). Gleevec® works
very well on Abl tyrosine kinases, but it does not appear to have a significant effect

on c-Src tyrosine kinases, which have 47% similarity to Abl amino acid sequences.

{
N
4 NS
G
HN
o

s

Figure I- 5 . Chemical structure of Imatinib



2. Docking

Docking is one of the most commonly used techniques in drug design, and is used
to measure the strength of protein-ligand interactions and to identify the correct
posture of a ligand at a binding site. This docking suggests that contributes to the
study of protein function or further research on drug development that inhibits the
function of protein. There are a few things to consider when docking, including

protein flexibility, search algorithms, and scoring functions.[25,26]

2.1. Docking mechanism

Due to the structural flexibility of proteins and ligands, the active site may change
during docking. Molecular docking is defined as an optimization problem, which
describes the best-fit orientation of the ligand that binds to the target protein.
During docking, the structure where the binding structure between protein and
ligand fits like a lock and a key is a 'lock-and-key model'. On the other hand, the
case where the structure of protein and ligand changes in order to find the best-fit

is called the 'induced-fit model'.[25]

In the induced-fit model, the active site of the protein undergoes morphological
changes when exposed to the substrate to improve binding. This can predict a more
accurate active position result, but it can also complicate calculations by
innumerable variables. Methods to supplement this include soft docking, Rotamer
library usage, Monte Carlo simulation, Molecular Dynamics simulation, and

Ensemble usage.[27]
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Figure I- 6 . Look-and-Key model and Induced-Fit model.

The flexibility of the ligand as well as the protein should be considered. There
are systematic search algorithms that consider all degrees of freedom of the ligand
and stochastic search algorithms that consider it as a probability function
according to a given structural change. However, in order to evaluate the
compatibility between protein-ligands using any calculation method, conformal
sampling must be performed through a scoring function (or energy function).
When docking is complete, the result is usually selected by scores. The accuracy

of the scoring function greatly affects the quality of the docking results. The

10



scoring function of the docking tool to be used in the experiment is described in

Method.

Flexible docking programs include Autodock, Autodock vina,[27] GOLD
(Genetic Optimisation for Ligand), FlexX (Flexible docking using an incremental
construction algorithm), DOCK, Internal Coordinate Mechanics (ICM), etc.,
Docking wedserver includes HADDOCK, Swissdock, Zdock and so on.[28]

II. Methods

In this study, two methods are employed Target Molecular dynamics simulation
and Molecular docking. Target Molecular dynamics simulation was used to
confirm the change of c-Src tyrosine kinase from inactive (PDB ID: 2SRC) to
active (PDB ID: 1Y57), and this was performed with MD simulation analysis
technique RMSD. Imatinib (Gleevec®) was docked using Autodock and
Swissdock for Ons (inactive state), 2ns, 4ns, 6ns, 8ns, and 10ns (active state) results

derived from each simulation result respectively .

1. Molecular Dynamics Simulation (MD simulation)

In this study, the target Molecular Dynamics (TMD) Simulation confirmed the
shape change from Inactive (PDB: 2SRC) to Active (PDB:1Y57).[29] To this end,
the structure of the starting state and the structure of the target state are configured
to have the same number of atoms, and the total number of atoms is 131,476. In
TMD simulation, the number of atoms (N) affected by external potential is 3,619

atoms (non-hydrogen heavy atoms) except hydrogen. TMD simulation was

11



performed at a temperature of 310 K in the TIP3 water model, and the total time
of simulation in the NPT ensemble was set to 10 ns. MD simulation for structural
changes of ¢-Src tyrosine kinases was performed using NAMD 2.9 package and

CHARMM 27 force field.

In molecular dynamics, successive configurations of the system are generated
by integrating Newton's law of motion. The result is a trajectory that specifies how
the positions and velocities of the particles in the system vary with time. The
trajectory is obtained by solving the differential equations embodied in Newton's
second law( F = ma).[30]

d’x;  Fy
dt?  m;

2.1)

This equation describes the motion of a particle of mass m; along one
coordinate(x;). Fy, is the force exerted on the particle in that direction. Through
this equation, we can find the trajectory of how the velocity and position of

particles in the system change over time.

1.1. Molecular mechanic force filed

In order to perform simulation, a potential function called a force field must be

defined in the following relationship.

du

F= ——
dr

(2.2)
Most molecular modeling force fields today are interpreted as four elements bond

stretching, angle bending, bond rotation (torsion) and non-bonded interaction, as

shown in the following figure (Fig. 2-1). The three components except non-bonded

12



interaction corresponds to bonded-part of potential function. These four
components are associated with the "deviation" for bonds and angles from their

reference or equilibrium values.

k; k;
urh) = z 71(11' - li,o)2 + Z 31(91' - 9i,o)2

bonds angles
| /4
+ z 7”(1+cos(nw—y)) (2.3)
torsions
N N o\ 12 o\ © Q4
Y (s (2) - () |
i=1 j=it+1 H Y 0%y

In this formula, U(rN)is potential energy, and it means the function of position
r of N particle. The first term is a formula for the interaction between two bonded
atoms, where ljis the bond length and 1; yis the reference bond length value. The
second term gives the value for the angle of the molecule. These items are related

to harmonic potential. The third term models dihedral angles, rotation of bond.

The 1st, second, and third term are bonded part in potential function U. The
fourth term is a formula for non-bonded interaction. Calculate a pair of atoms (i
and j) that are located in different molecules, or that are within the same molecule,
but separated by at least three bonds. Non-bonded interactions include Coulomb
potential term by electrostatic interactions and Lennard-Jones potential by van der

Waals interaction.

13
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Figure II- 1. Schematic representation of the four components to a molecular mechanics
force field: bond stretching, angle bending, torsional terms and non-bonded interactions.
Bond stretching

Bond stretching refers to the interaction between two bonded atoms. The most
basic approach is to use Hooke's law. Morse potential is not commonly used in
molecular mechanics force fields. Morse curves cover a wide range from strong
equilibrium behavior to dissociation. The energy using Hooke's law varies with

the square of the displacement at the reference bond length [;.

k
v =50- lp)? (2.4)

14



The reference bond lengthl,is the value that the bond adopts when all other terms

of force field are set to zero.

Energy

Separation (/)

Figure II- 2 . Comparison of the Morse potential (black, solid line) and harmonic

oscillator potential (blue, dotted line).

Angle bending

Angle bending provides a value for the angle of the molecule. The angular
deviation from the reference value is explained by Hooke's law or harmonic

potential.

k
v(6) = 5 (6 - 6,)’ (2.5)

The contribution of each angle is specified by force constant and reference value.

15



Bond rotation

Bond rotation is a value modified from the reference values of bond stretching and
angle bending. Therefore, considerable energy is required. The following is the

equation for the potential of bond rotation.
N
Va
v(w) = Z > [1+ cos(nw —y)] (2.6)
n=0

In this formula, V,is the torsion force constant and # is the multiplicity of function.
This value means the minimum value when the bond rotates 360°. o is the dihedral
angle, and y is the phase factor indicating the position when the torsion angle is

the minimum.

Non-bonded interaction

Non-bonded interactions provide information about pairs of atoms (i and j) that
are located in different molecules, or that exist within the same molecule but are
separated by three or more bonds. Non-bonded interaction involves two forces,
first looking at electrostatic interactions. The eclectrostatic interactions between
two molecules or nonadjacent atoms in the same molecule are obtained as the sum

of the interactions between point charges.

2.7)

In this formula, Nyand Nymean the number of point charges of the molecule.
Another force of non-bonded interaction is van der Waals interaction. Unlike

electrostatic interactions, van der Waals interaction consists of non-bonding

16



interactions between all atoms, and this formula is expressed as Lennard-Jones

potential.

v(ry;) = i i 4e; [(%’)u - <%’>6] (2.8)

i=1 j=i+1

In this formula, 7;; means the distance between atoms i and j, and ¢ means the
energy depth indicating the bonding of particles. g;; means collision diameter

between atoms i and j, and the separation energy after collision is 0. Looking at

-12 6

and r¢, r712

the difference betweenr means strong repulsion at short
distances due to overlap of electron orbitals, and r~®at long distances. It refers to
the weak attraction between individual molecules. Therefore, when the distance

between two particles approaches 0, it converges to infinity.

Particle Mesh Ewald (PME)

When performing calculations in the system, long-range interactions should be
considered. Particle Mesh Ewald (PME) is one of the calculation methods to apply

long-range interactions in systems with periodic boundary conditions.[31, 32]

17
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Figure II- 3 . Periodic boundary conditions in two dimensions. The length of box is L.

To understand this calculation, we envision a system with charged particles, both
positive and negative. At this time, the system is electrically neutral(};; g; = 0).
The system has a periodic boundary condition as shown in (Fig . II-3), and charged
particles are located in a cube with a diameter of L. When performing simulation,
the number of cubes is said to be N. The particles located inside the Cube repel
each other at a short distance. Under these conditions, the coulomb potential

energy is:

N
1
eow =5 ) @ib(r) 2.9)
i=1

18



In this formula, ¢(r;)means the electrostatic potential at the position of ion i.

_ 4
) = JZ TPy 2.10)

Where the prime on the summation indicates that the sum is over all periodic
images n and over all particles j, expectj =iifn=0. r;; is the minimum distance

between i and ;.

In addition, we assume that the compensating charge distribution surrounding an

ion 7 is a Gaussian.

3
PGauss(T) = —q; (%)2 exp(—ar?) (2.11)

a is determined later by considerations of computational efficiency. It satisfies

Poisson’s equation.
—V2¢p(r) = 4mp(r) (2.12)

We apply the properties of the Poisson equation in Fourier form to compute the
electrostatic potential at a point ri due to a charge distribution pl(r) that consists of

a periodic sum of Gaussians.
p1(r) = ZZ% ? exp[—ajr = (rj + nL)|"] (2.13)

The electrostatic potential in a Fourier transform is given as

N
Amq; k?
.= > N T eyl (ry = 7,)] exp (- E) 2.14)

k+#0 j=1

with
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1 A 5 k?
u1=ﬁZﬁP|(k) lexp| =7~ (2.15)

k+0

V is the volumes of the system. p(k) is Fourier transform of charge distribution.

For the self-interaction to be corrected, uger should be subtracted from the

sum of the real-space and Fourier contributions to the Coulomb energy.

a
Ugelf = (;)

Then, electrostatic potential due to a point charge q surrounded by a Gaussian with

1
2

N
q? (2.16)
=1

1

net charge-q; is given as

q .
q)short—range 3 ferfc(\/ar) (2.17)

where erfc is complementary error function. The total contribution of the

screened Coulomb interactions to the potential energy is then given by

1 i qigjerfe(Var;) 2.18)

u § = '
short—range b Tij

i#j
Finally, the total electrostatic contribution to the potential energy is given by

a\ N
X R ) _k_z > @ 2
Ucoul = 2/ k2 lp | exp 4q 2 4q;

k#0 i=1

(2.19)

1 zN: qiqjerfc(Vary)
+3 .

T
i#j H
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1.2. Targeted Molecular Dynamics Simulation

Targeted molecular dynamics (TMD) simulation is very useful for observing a
continuous morphological transition pathway between two known protein types.
In TMD simulation, start type /" and target type 'F' are determined. During the
transition from ‘/’ to ‘F’, each component of the protein is given by a vector, x =
(x1,+++,x35)T, containing the 3N cartesian coordinates of the position vectors
11, ++, 1y ofthe individual atoms. x; and Xy are the configurations representing
the conformations ‘/” and ‘F”. The distance (p) between the configuration of each

time step, X, and the target configuration, X is given by

1/2
p=lx—xpl =) (i = x5)’] (2.20)
The initial value of p is set as the distance between the initial and target structure.
During the simulation, p is decreased to zero. In this simulation, p is used as a
control parameter in order to force the system to undergo the desired transition.

This is achieved by introducing the constraint.
|x —xp|2—p2 =0 (2.21)

Therefore, the TMD simulation must define an external potential, Upy,p, to

perform the simulation. Uryp is given as
k
U, s = [RMSD(t) — RMSD*(t)]? (2.22)
N is the number of atom, k is harmonic force constant per atom. RMSD(t) is
the Root-Mean-Square Deviation (RMSD) of the simulated structure at time t to

the target structure. RMSD*(t) is the RMSD value at time t that it decrease

linearly from the initial to the target structure.
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Figure II- 4 . Geometry of the conformational transition from x; to xg. The r-axis is

chosen in such a way that the initial configuration defines the origin and the final
configuration lies on the positive branch. §; is one of the residual Cartesian coordinates.
A TMD simulation run generates configuration x(t) lying on hyperspheres with radius
p(t) centered in xp. The quasicontinuous contraction of the hypersphere from a radius
Po to py enforces the conformational transition.[33]

2. Molecular docking

Molecular docking aims to predict the protein-ligand complex by calculating the
conformation and binding affinity of the ligand in the protein structure. In this
study, a protein-ligand structure is formed and compared using a popular docking

program, Autodock, and a Swissdock, a wed server for blind docking.[25,26, 34]

In this experiment, SWISSDOCK performed docking using a web server and
compared the energy. When AUTODOCK 4.2 is executed, 10 doing poses are
created using the default docking parameter, and the lowest binding energy is

selected to compare the results. Docking results are shown using Discovery Studio.
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2.1. Autodock

The ideal docking procedure is a method of searching all degrees of freedom (DOF)
in the system by finding the minimum value of the total in the interaction energy
between the substrate and the target protein, but has a disadvantage that it takes a
very long time. Therefore, Autodock calculates through two methods ; rapid grid-
based energy evaluation and efficient search of torsional freedom, to obtain
relatively accurate results within a short period of time. The version used in the
experiment, AUTODUCK 4.2, calculates the scoring function through the
Lamarckian genetic algorithm and the empirical free energy scoring function, and
generally provides about 10 docking results. The type of scoring function used
here is Force Field-Based Scoring, which is calculated in principle using physical
laws, and the result of calculation is derived no matter what docking, but the

entropy effect and solvent effect are not considered.[27, 35, 36]

In AUTODUCK, the total docking energy of a given ligand molecule is
expressed as the sum of the intermolecular interactions between the ligand
complex and the internal steric energy. Using the minimum-energy docked
conformation structure, the linear model binding energy is calculated as Gibbs free

energy.

AGping = AGypaw + BGpp + DGejec + AGgory + AGror (2.23)

In this formula, vdW means van der Waals, hb is hydrogen bond, elec is
electrostatic, solv and tor mean solvation and torsion, respectively. In this formula,

the meaning of each Gibbs free energy is as follows.
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A B
AGyaw = foaw g < 2L pq) (2.24)
ij

12 6
rij rij

Cpq _ qu
12 10
rij rij

AGnp = frp Z E(eii) < > - Z(AGP,WateT) (2.25)
ij i

qiq;
AGerec = fetec Z — (2.26)

5 € (rij)ry

The first three terms are vacuo force field energies for intermolecular interaction.

Apqand Bpgmean Lennard-Jones 12-6 coefficients for non-bonded interactions
between atom types p and q, and Cpq, Dpqis Lennard-Jones 12-10 coefficients for
hydrogen bonding between atom types p and q. E(HL- j)is weight dependent upon

the angle between i and j, with Columbic electrostatic shielding.

. 2y 2
AGsory = _fsolvzspvqe ry/2e (2.27)
ij
AG,, = S (2.28)

The following terms refer to the interaction of water and the ligand atom, and the
internal steric energy of the ligand molecule related to the torsion of the ligand,

respectively.

In the fourth term, AG, yqtermeans free energy change of hydrogen bonding
between atom type p and water, S,and V;mean solvation parameters atom type p,
defined as the volume change of solvating atom type p and atomic volume of atom

type q, respectively.

(2.29)
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Here, H=1¢, — F ( ey is relative dielectric constant of water at 25 °C = 78.4
(694 pF/m))and F, I and k are sigmoidal parameters of —8.5525, 0.003627, and
7.7839 respectively.[35]

All the terms in this free energy function have been described previously. A

combination of a force field with linear weights is used as a free energy function.

2.2. Swissdock

Swissdock, which provides blind docking, is a web-based docking service
(http://www.swissdock.ch) that shows docking to small molecules of the target
protein. Based on the EADock DSS engine, Swissdock combines a setup script to
prepare the target protein and ligand input file. In addition, an efficient
Ajax/HTML interface is designed and implemented so that users can easily obtain
desired docking results. The binding mode with the most favorable energy is
evaluated and clustered with FACTS(fast analytical continuum treatment of solvation),
and the most favorable cluster can be visualized online and downloaded to the

computer.[37]
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III. Results and Discussion

When investigating the binding of a protein to a drug, we mainly study the protein
with a fixed form, but the actual protein constantly changes form in the body. In
this case, in order to obtain a more accurate study of the result of the interaction
between the protein and the drug, the morphological change of the protein was
implemented by Molecular Simulation. And subsequently docking was performed

on the result to compare the results.

Targeted Molecular Dynamics

The trajectory for 10 ns was investigated using Targeted Molecular Simulation.
Snapshots of the intermediate process of the structural change from the inactive
state to the active state were selected at 2 ns intervals, respectively. In this study,

all six structures were used for imatinib and docking.

Protein label Time

Protein A Ons Inactive state : PDB(2SRC) : Initial
Protein B 2ns Generated by targeted MD simulation
Protein C 4ns Generated by targeted MD simulation
Protein D 6ns Generated by targeted MD simulation
Protein E 8ns Generated by targeted MD simulation
Protein F 10ns  Active state : PDB(1Y75) : Target

Table III- 1. Labels for the various different conformations of c-Src tyrosine kinase

generated by targeted MD simulation.

Structures selected for analysis are inactive protein structure (A) and
intermediate structures selected at 2 ns intervals; protein structure (B)

corresponding to 2 ns, protein structure (C) corresponding to 4 ns, and protein
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corresponding to 6 ns It is a structure (D), a protein structure (E) corresponding to
8 ns, and a protein structure (F) corresponding to 10 ns. In particular, the protein
structure (F) corresponding to the last purpose is exactly in accordance with the

active state protein crystal structure. (Table 3_1 and Fig3 1)

Protein E Protein F

Figure I1I- 1. Six Snapshots of TMD trajectory during 10 ns. (A) Ons : Starting structure

(Inactive conformation). (B) 2 ns, (C) 4 ns, (D) 6 ns, (E) 8 ns, (F) 10 ns : Targeting
structure (Active conformation). In particular, the protein structure (F) exactly matches the
active state protein crystal structure.
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Docking Result

Two different software was used (SWISSDOCK, AUTODOCK4.2) to dock
imatinib to the structure of six ¢c-Src proteins identified in the MD simulation. The

following are docking results.

Swissdock

Figure III- 2 . At this time, Imatinib moves dynamically without being fixed according to
a given torsion when it is docked. The gridbox of Autodock is set to (60¥60*60A3).

28



Swissdock

Figure III- 3 . 2ns structure created by MD simulation. Docking images of Imatinib to a c-
Src tyrosine kinase are generated by AUTODOCK (blue) and SWISSDOCK (pink)
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Swissdock

Figure III- 4 . 4ns structure created by MD simulation. Docking images of Imatinib to a c-
Src tyrosine kinase are generated by AUTODOCK (blue) and SWISSDOCK (pink)
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Swissdock

Figure III- 5 . 6ns structure created by MD simulation. Docking images of Imatinib to a c-
Src tyrosine kinase are generated by AUTODOCK (blue) and SWISSDOCK (pink).
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Swissdock

Figure III- 6 . 8ns structure created by MD simulation. Docking images of Imatinib to a c-
Src tyrosine kinase are generated by AUTODOCK (blue) and SWISSDOCK (pink).
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Swissdock

Figure I1I- 7 . 10ns structure created by MD simulation. Docking images of Imatinib to a

c-Src tyrosine kinase are generated by AUTODOCK (blue) and SWISSDOCK (pink).
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At this time, Imatinib moves dynamically without being fixed according to a
given torsion when it is docked. The size of gridbox of AUTODOCK is set to
(60*60*60 A% ). Imatinib binds to different parts of c-Src tyrosine kinase at

different time states.

In the docking results, the docking structure between each protein and imatinib
was selected as the structure that took the highest among each scoring function. In
the above results, the protein structures B, D, and E show that imatinib binds to
the kinase region (blue region) of c-Src tyrosine kinase. On the other hand, in the
case of protein F, that is, when the protein is fully activated, it shows that imatinib
binds to the linker region (pink portion) rather than the kinase region of c-Src
tyrosine kinase. The results show a very consistent trend in both the SWISSDOCK
and AUTODOCK cases.

The results of Gibbs Free Energy calculated based on the most superior scoring

function for molecular docking are expressed graphically.

<78 = Swissdock
A —e— Autodock
7.6
-
8.0 \ [
5 " \ Y
E 844 m F,
© @
O
X 88
>
2 w
o -92-
w
2 061 . L5
- .
@ -10.0
-10.4 4
L]
T T T T T T
A B C D E F

Protein Conformation Number

Figure I1I- 8 . Gibbs Free Energy for binding of imatinib to various c-Src tyrosine kinase

conformations. The arrow denotes the most stable conformation of c-Src tyrosine kinase
binding to imatinib.
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For a total of six different protein structures, the lowest Gibbs energy value
resulted in the binding of SWISSDOCK to the protein structure “D” (9.2
kcal/mol), whereas in the case of AUTODOCK it was completely inactive. Protein

structure appeared as structure “A” (—10.6 kcal/mol).

A careful investigation of AUTODOCK results shows that imatinib binds to the
linker region rather than the kinase region of the c-Src tyrosine kinase protein
structure “A”. According to X-ray studies, the binding of c-Src tyrosine kinase
protein to imatinib is known to occur in an inactive state expressed as “DFG-

out”.[23]

According to these results, the binding site of imatinib that binds to the protein
structure “A”. AUTODOCK is somewhat different from the X-ray structure. As
shown in Figure 3-8, it can be seen from the results of both SWISSDOCK and
AUTODOCK that a protein structure with a very stable Gibbs free energy value
exists. (Indicated by arrows in Fig. 1II-8). Interesting results show that imatinib
binding near DFG (Asp(404)-Phe(405)-Gly(406)) shows that the protein “D”

structure of the six protein structures is very similar to the X-ray results (Fig III-

9).
L T DR = Phe 405
A 5 "’ b N{"J\ G
A ¥ Y% Gly 406 /Q/
o Asp 404
m@‘ \
Phe405 g~
Gly406

(A) X-ray (B) Swissdock (C) Autodock

Figure III-9. Relative conformation of imatinib with DFG (Asp(404)-Phe(405)-

Gly(406)conformation of c-Src tyrosine kinase generated by (A) X-ray (B) SWISSDOCK
(C) AUTODOCK.
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The arrangement of imatinib in SWISSDOCK (Fig. 111-9,(B)) and AUTODOCK
(Fig. 111-9,(C)) was compared with the X-ray structure (Fig. 111-9,(A)). For the
alignment and binding sites of imatinib, the X-ray structure and the molecular
docking structure do not completely match, but the c-Src tyrosine kinase involved

in the binding was generated through molecular dynamics simulation

IV. Conclusions

The protein state to which imatinib binds with a relatively low binding energy is
not a complete inactive state, but an intermediate protein structure from inactive
to active. In the process of c-Src tyrosine kinase structure change, it was found
that a specific structure to which imatinib binds more strongly exists. As a result,
in the development of drugs targeting allosteric proteins that cause structural
changes, in addition to those in the “start” state (inactive state) and “final” state
(active state) of the structural change, the “middle” stage of the structural change
This means that protein structure must also be considered. The results of this study
strongly support the drug 'residence time model'[38], in which the conformational
dynamics of the protein targeted for the drug has a very important effect on the
binding and dissociation of the drug. The study of c-Src tyrosine kinase structure
change and binding of imatinib was conducted, and ¢-Src tyrosine kinase structure

change process was observed.

In the process of structural change, the binding with the strongest imatinib
corresponding to a specific time was confirmed, which is a common result of two
programs, AUTODOCK and SWISSDOCK, which have different scoring

functions.
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