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CHAPTERII

INTRODUCTION
1.1 Key facts of cancer
1.1.1 Epidemiology

Cancer is a leading cause of death worldwide and accounts around 13% of all
deaths (7.6 million deaths) in 2008 [1]. More than 70% of all cancer deaths occurred
in low- and middle-income countries. The major types of cancer are lung (1.4 million
deaths), stomach (740,000 deaths), liver (700,000 deaths), colorectal (610,000 deaths)
and breast (460,000 deaths).

Figure 1.1 Epidemiology of cancer: death rate from malignant cancer per
100,000 inhabitants in 2004 [2].

1.1.2 Causes of cancer

Cancer is caused by either internal factors (such as inherited mutations,
hormones, and immune conditions) or external factors (such as tobacco, diet,
radiation, and infectious organisms) or both of them [3]. The cancer is a term used for
diseases in which abnormal cells divide without control, uncontrolled cellular

proliferation, restricted apoptosis, and angiogenesis [4].



Figure 1.2 The normal cell division (top) versus the division of cancer cell (bottom)

[5]

Cancer arises from a loss of normal growth control (Figure 1.2). In normal
tissues, the rates of new cell growth and old cell death are kept in balance but in
cancer this balance is interrupted. The disruption can result from uncontrolled cell
division or loss of a cells ability to undergo cell suicided by a process called

apoptosis, the mechanism by which old or damaged cells normally self-destruct.

1.1.3 Cancer treatment

A number of medical treatments are employed to cure cancer including,
surgery, radiation therapy and chemotherapy. They depend on patient’s condition.
Nevertheless the chemotherapy is one of primary approach for general patients.
Mechanistic action of anti-cancer agents can be considered into three main categories
as follows [6].

1. Stop the synthesis of DNA molecule: The agents block some steps in the
formation of nucleotides that is necessary for making DNA. When these
steps are blocked, the cells cannot replicate because they cannot make
DNA without the nucleotides. Examples of drugs in this class include
methotrexate  (Abitrexate®), fluorouracil (Adrucil®), hydroxyurea

(Hydrea®), and mercaptopurine (Purinethol®).



2. Directly damage the DNA: The agents chemically damage DNA and RNA.
They disrupt replication of the DNA or RNA. Examples of anti-cancer for
this class are cisplatin (Platinol®), antibiotics - daunorubicin
(Cerubidine®), doxorubicin (Adriamycin®), and etoposide (VePesid®).

3. Effect the synthesis or breakdown of the mitotic spindles: The mitotic
spindles are very important because they help to split the newly copied
DNA such that a copy goes to each of the two new cells during cell
division. These drugs disrupt the formation of these spindles and therefore
stop cell division. Drugs in this class are such as Vinblastine (Velban®),

Vincristine (Oncovin®) and Pacitaxel (Taxol®).

There are many categories of commercial anti-cancer medicines activating to
DNA replication or chromosome segregation aimed to stop cell division [7].
However, their negative side effects on the normal cell have been found. Thus the
development of a high efficiency therapy with deceased toxicity is desirable. The
cyclin dependent kinase is an interesting target to discover new pathway that remedies

these problems.

1.2 Cyclin Dependent kinases (CDKs)

The cyclin dependent kinases (CDKs) are the groups of serine/threonine
kinases and play direct role in cell cycle. They involve in the regulation of the cell
cycle, neuronal function, transcription and apoptosis that cause of cancer. It becomes
active only in association with a regulatory partner cyclin [8]. The cell cycle can be
divided into four phases (Figure 1.3). The preparation of nutrition is done during the
interphase containing three stages: G1, S, and G2. In mitosis (M phase), the cell
divides into two daughter cells.

CDKSs contain 13 family members [9-13], namely CDK1-CDKZ13. The role of
CDKs is to drive the cell forward through next phase of the cell cycle until cell
division. The pattern of cyclin expression defines the relative position of cell within
the periods of the cell cycle [14, 15]. The association of cyclin D with CDK2, CDK4
and CDKG®6 drive the cell in GO forward through to half of G1 phase. CDK2/Cyclin E
complex functions in the S phase at G1/S transition. The CDK2/cyclin A is important
to the DNA synthesis in S phase. Then, cell driving from G2 to M phase is activated



by CDK1/cyclin A. Finally, CDK1/cyclin A activates cell in G2 phase dividing into
two daughter cells in M phase [16].

Figure 1.3 Four phases (G1, S, G2 and M) in the cell cycle controlled by CDK/cyclin

complexes.

The CDKG6 controls the entrance into the cell cycle. GO drives G1 and can be
crystallized. The CDK6 is a promising cancer target and have received a great

research interest.

1.3 CDKG6 path way

The cyclin dependent kinase 6 (CDK®) is one of protein kinases regulated by
D-type cyclin and drives cell division by a phosphorylation reaction in the cell cycle
[17]. Progression through the cell cycle is promoted by cyclin-dependent kinases
(CDKs), which are regulated positively by cyclins and negatively by CDK inhibitors
(CDKIs) (Figure 1.4).



Figure 1.4 Pathway of CDKG6/Cyclin D complex activation for phophorylation
reaction.

Healthy cells enter the cell cycle in GO phase. The cells in GO phase were
stimulated by growth factors that signal of cell entry to the cell cycle. Mitogenic
signaling of growth signals is mediated by the RAS/RAF/MAPK pathway, whose end
point is the stimulation of D-type cyclin production [16]. The CDKS®6/cyclin D
complex is activated by phosphorylation reaction at specific sites on the CDK by
CDK-activating kinase (CAK), also referred to CDK7/cyclin H [17]. The
CDKa®/cyclin D complex extracts the phosphate group from adenosine 5’-triphosphate
(ATP) at ATP-binding pocket where the ADP and independent phosphate group are
found. The retinoblastoma tumor suppressor gene product (Rb) governs the G1/S
transition. In active state, Rb is hypophosphorylated and forms an inhibitory complex
with a group of transcription factors known as E2F, thus controlling the G1/S
transition. When Rb is partially phosphorylated by CDK4/6-cyclin, E2F transcription

factor is still able to transcribe some genes and over expression [18].
1.4 Literature reviews on CDK6
1.4.1 CDK®6/Vceyclin structure

The X-ray structure of apo-form, human cyclin dependent kinase 6 (CDK6)

preferentially forms complexes with cyclin from herpesvirus saimiri (Vcyclin). This



structure deposited in the protein data bank (PDB) entry code 1JOW, was first
published in 2002 by Gahmen and kim [19]. The CDK®6/Vcyclin apo-form provides
the structural basis of CDKG6 activation by viral cyclins. In 2005, Lu et al. [20]
crystallized the CDK6/Vcyclin inhibited by fisetin or 3, 7, 3, 4'-tetrahydroxyflavone
entry code 1XO2. CDKG6 contains 2 domains, the N-terminal domain in f-sheet
(residues 1-100) and the C-terminal with mostly a-helical (residues 101-308). The X-
ray structure of CDK6/Vcyclin with fisetin bound shows that the inhibitor binds in the
ATP-binding pocket of CDK®6 (Figure 1.5a). The 3', 4'-dihydroxyphenyl group in B
ring points into the binding pocket where the a-phosphate of ATP would bind (Figure
1.5a). The hydrogen bonds between FST and CDK6 detected are summarized in
Figure 1.5b.

el K. (0 oW d (s /71— ! r o G
TR L. O w2 0\ 1 A\ ~ i ¥
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Figure 1.5 (a) The crystal structure of fisetin, FST, in the ATP binding site of the
active CDKG6 (blue) in complex with Vcyclin (red). (b) The hydrogen bonds formed
between FST and the side chain and backbone of binding residues at the CDK6

binding site were shown by green and blue arrows.
1.4.2 CDKG6 inhibitors

Currently, there are many categories of CDKG inhibitors, including flavonoids.
The ICso values of the flavonoid compounds inhibiting CDK6/Vcyclin [20] were
summarized in table 1.1.



Table 1.1 2D chemical structures and 1Csq of each inhibitor

o ) I1Cs value
Inhibitor Chemical structures
(nM)
flavopiridol 0.08
fisetin 0.85
apigenin 1.70
chrysin 6.00
OH
kaempferol "o O ) O 22.00
OH
OH O
quercetin 25.00
luteolin >300.00




The flavopiridol

containing the 4-(3-hydroxy-1-methyl)-piperidinyl on

benzopyran is different from the other inhibitors. It shows the highest inhibitory
affinity toward CDK6/Vcyclin.
In 2010, Phosrithong and Ungwitayatorn [21] studied the binding mode and

binding free energy of natural products inhibiting several cancer targets, including

CDK®6/Vcyclin, by the molecular docking method.

Table 1.2 2D chemical structure, 1Csq and binding energy of each inhibitor

L ] ICso value Binding energy
Inhibitor Chemical structure
(uM) (kcal/mol)

EGCG - -12.70
flavopiridol 0.08 -11.20
Fisetin 0.85 -9.93
apigenin 1.70 -9.10
chrysin 6.00 -8.52




Table 1.2 2D chemical structure, 1Cso and binding energy of each inhibitor (cont.).

o ] ICso value Binding energy
Inhibitor Chemical structure
(nuM) (kcal/mole)

OH

kaempferol "o O ) O 22.00 -9.45
OH
OH O

quercetin 25.00 -9.85
luteolin >300.00 -9.78

The EGCG, a natural product, had the lowest binding energy to the
CDK®6/Vcyclin complex; however, the calculated binding free energies are not in
good agreement with the experimental 1Csy value (Table 1.2). Zhang et al. used
homology modeling, molecular docking and molecular dynamics simulations for
study on the inhibition of CDK1 by flavopiridol [22].

1.5 Scope of this research work

To obtain the fundamental information of protein-drug interactions, molecular
dynamics simulations of on the three flavonoid compounds, FST, AGN and CHS,
binding to CDK6/Vcylin at the ATP-binding pocket were performed. These studies
aim to demonstrate the intermolecular interactions and binding free energy of three
inhibitors, fisetin (FST), apigenin (AGN) and two-orientation of chrysin (CHS), in
complex with the CDK6/Vcylin. Note that the chosen three inhibitors under drug
development process exhibit different numbers and positions of hydroxyl group
substitution on the core structure. The FST and CHS are under in vivo study while that

AGN is in the clinical trial Phase Il [23]. Particular interactions between
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CDK®6/Vcyclin and inhibitor could be a helpful drug discovery and design of new

potent anticancer agents.

Fisetin Apigenin Chrysin
(FST) (AGN) (CHS)
ICs0 = 0.85 uM ICs0 = 1.70 uM ICs50 = 6.00 pM

Figure 1.6 Chemical structures of Cyciln Dependent Kinase (CDK) inhibitors, fisetin
(FST), apigenin (AGN) and chrysin (CHS).



CHAPTER Il
THEORY

2.1 Molecular dynamics simulation

It has been 34 years since the report of the first molecular dynamics (MD)
simulations of a protein was published [24]. Heretofore, these methods have become a
confirmed method for study of macromolecule of biological, complementary to
experimental techniques. The MD simulation defines to “a computer simulation
technique where configuration or conformational space is explored on the basis of the

time evolution by integrating their equation of motion” [25].
2.1.1 Statistical mechanics

MD simulations get information at the microscopic level, including atomic
positions and velocities. The microscopic information (as governed by schrodinger’s
equation or newton’s laws of motion) can convert to observed properties of a large
system such conformational change, binding free energy and mechanism via statistical
mechanics [26, 27]. Statistical mechanics is important to study of biological systems by
molecular dynamics simulation. Molecular dynamics simulations construct a sequence of
points in phase space as a function of time and collect points in phase space satisfying the
conditions of macroscopic state celled ensemble. An ensemble is a collection of all
possible systems which have different microscopic states but have an identical
macroscopic state. In statistical mechanics, average values for observables are defined as
ensemble averages and the time averages were calculated by MD simulation. That is one

truth of statistical mechanics, the Ergodic hypothesis state according to Eqg. 1.

<A> ensemble = <A>time (1)

The hypothesis concept is the system will ultimately pass through all possible

states when this system was allowed, to evolve in time indefinitely. The time of
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simulations should be long enough obtaining the representative conformations that this

equality is satisfied.
2.1.2 Motion equation and classical mechanics

A molecular dynamics simulation is the computational method that defines to the
time-dependent behavior of the system by solving newton’s laws (2™ law) of motion

define in Eq. 2.
Fi=ma (2)

where F, is the force which interacted on the atom (i) at time (t), m; is the mass of atom

i and a; is acceleration of atom i. The force can define in derivative from of potential

function (V) according in Eq. 3 and a can transform into 1% derivative and 2" derivative
of velocity and position, respectively.
dv_ . d%

m.
dt ' dt?

Fi=-V,V=mai=m, (3)
From integration of velocity can define equation between the positions, velocities,

accelerations and time as Eq. 4.
X =at® +vt+x, (4)

The initial atom position, an initial distribution of velocities and the acceleration,
is determined base on potential function(V), is a summation between bonded and non-
bonded interactions. The bonded interaction term can divided into bond, angle and
dihedral energy. To calculate the new coordinate and velocity of atom at all other times,
can determine by this equation (Eq. 4), starting at time zero. The simulation proceeds

define by calculating forces and solving the equations of motion based on the
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accelerations obtained from the new forces. Generally, MD process can divided into two

steps predictor and corrector in solving the equations of motion according in Figure 2.1.

Give atom initial coordination (Xo)

Y

Set initial forces, F, = -V, accelerations, a; = F / m, of each atom

A

Y

Move atoms by calculated force to new positions a time, t + At

Y

Repeat as long enough for the system reach to equilibrium

Figure 2.1 Molecular dynamics simulation algorithm

To check equilibrium of system were monitored by root mean square deviation
(RMSD) and stability of the energy. The results were taken in MD trajectory and the

properties of system were calculated from these.

2.2 MM-PBSA calculation

The MM-PBSA is acceptable method in Amber package to evaluate the free
energies of binding or to estimate the absolute free energies of molecules in solution. The
binding free energy of system was obtained from the difference of the free energies
between complex (AGgpy), protein (AGpror) and ligand (AGyg):

AGy,y = AG,, —[AG,, +AG,] (5).

prot

In general, the total free energy is computed from the enthalpy term (AH ) and
entropic contribution at a constant temperature (TAS),

AG = AH —TAS (6).

The AH term of the system was obtained from the summation of enthalpy changes in the

gas phases wupon complex formation (AE,,,)and the solvated free energy
contribution (AG,, ) . Therefore, Eq. 6 can be approximated as:

AG = (AE,,, +AG,)-TAS | ©)

sol
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where AE,,, corresponds to the molecular mechanical energy, including the bonded and
nonbonded energy terms. The latter one is composed of the electrostatic (AE®®) and

vdW (AEY™)interaction energies. AG,, accounts for the solvation energy which is

sol

ele
sol

AGsol — AGeIe +AG nonpolar (8)

sol sol

) and a nonpolar component (AG2™""),

sol

divided into the electrostatic component (AG

The Possion-Boltmann (PB) method was used to compute the electrostatic
component while the nonpolar term in solvation free energy was evaluated according to
Eq. 9.

AG"™" — )SASA + 9),

sol
where SASA is the solvent accessible surface area (A% of each given molecule. The

solvent probe radius is of 1.4 A, and the experimental solvation parameters, » and 2,

are 0.0072 kcal/mol A%and 0.00 kcal/mol, respectively.

In this present work, the MM/PBSA binding free energy calculation was
performed using the MM/PBSA module in Amber 10 where the CDKG6/Vcyclin is
considered as protein and the three different ligands are FST, AGN, CHS_A and CHS_B.
Since the systems of all flavonoid compounds binding to the same CDK6/Vcyclin, it can
be assumed that the difference in entropy contribution should be rather small. Thus, the
entropy part can be omitted from the binding free energy calculation as justified in some
previous studies [28, 29].

2.3 Binding free energy decomposition

The contribution of each residue in CDK6/Vcyclin to the free energy of protein-
ligand binding in Eq. 5 is evaluated by the free energy decomposition. The Generalized
Born (GB) model was used to calculate electrostatic contribution to the solvation as
expressed in Eq. 10,

ele 1 e_Kf qIq
AG? :—E(l—ﬂjzj: ) (10).

sol
€y fos

The Debye-Huckel screening parameter, x,and solvent dielectric constant, ¢, were set

to 0 and 80, respectively. f,, was obtained by:
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—r? %
fo = {rif +a,a, exp[—”ﬂ (11)
40{i05j

where ¢; and «; are the effective Born radius of atoms iand j, while r; is the distance

between these two atoms. The contribution of atom i to the electrostatic free energy is

evaluated by Eq. 12.

]

- 1 o H 0. 1< 00q;
AGele N 1 CHid L 1) 12
sol ( ) 2 Z( ] fGBij (rij) + 2 = T ( )

The nonpolar solvation energy per atom was approximated according the SASA

[0

as given by Eg. 13.
AG]

nonpolar,sol

— 7 x (SASA" — (SASA"P™ 4 SASAM9)) (13)

where SASA; yrot OF SASA; iy IS equal to zero depending on which component the atom

belongs to. In addition, the total electrostatic interaction energy between two components

(AE! ) was obtained by one haft of pairwise electrostatic interaction energy between the

ele

two atoms. Likewise the pairwise van der Waals interaction energy (AE!. )between

vdw
protein and ligand was assigned to avoid double counting. The calculation of the internal
energy and entropy terms is equal to zero under the assumption of a single trajectory
approach because the energies of the complex and the separated parts are calculated from

the same trajectory. Therefore, the contribution of binding free energy for a per-residue

basis can be evaluated from the summation of the atomic contributions, (AE!.), (AE!,,),

AGEE and AG™™"™"  over the atoms of a given residue without entropy term.

sol sol



CHAPTER I

COMPUTATIONAL METHODS

3.1 System preparation

The four simulated systems of CDK6/Vcyclin complexed with the three inhibitors
FST, AGN, and CHS were prepared, in which the third inhibitor was oriented in two
binding conformations. The initial structure of FST-CDK6/v complex was taken from the
Protein Data Bank (PDB), entry code 1X0O2. To construct the initial structure of the other
two inhibitors, the atomic coordinates of the FST in the FST-CDKG6/v were separately
modified to get the AGN-CDK6/v and CHS_A-CDKG6/v complexes. For the CHS in the
deschloro-flavopiridol-like orientation (CHS_B) binding to the CDKG6/Vcyclin, the
CHS_B-CDKG6/v structure was obtained by docking procedure using the CDOCKER
module in the Discovery Studio 2.5

The starting structure preparation and MD simulations were performed using
Amber 10 software package [30] with ff03 force field [31]. The LEaP module was used
to correct all missing hydrogen atoms of the protein and ligand. The ionizable side chains
of amino acids, Lys, Arg, Asp and Glu, were defined at pH 7.0. For His residues, exclude
the di-protonated His73 and His297, a neutral charge with mono-protonation on the o-
nitrogen atom was given to all the rest. To reduce bad steric interactions, the hydrogen
atoms were only minimized with 1000 steps of steepest descents (SD), continued by 500
steps of conjugated gradient (CG). Then, each system was solvated by TIP3P waters [32]
with the minimum distance of 10 A from the protein surface. As a result, the water box
size of all systems was 98 x 88 x 83 A% while the total atoms were 59108, 59107, 59106
and 59109 for the FST-, AGN-, CHS_A- and CHS_B-CDK®6/v complexes, respectively.
A total charge of -3 was achieved for all systems and was consequently neutralized by
adding 3 Na" ions. The SD (2000 steps) and CG (1000 steps) minimizations were carried
out on the water molecules alone and subsequently on the whole system with the same

minimized procedure to obtain the starting structures for MD simulation in the next step.
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Figure 3.1 the box simulation for CDK 6/Vcyclin complex with fisetin bound.

3.2 Force field parameters for the inhibitors

The empirical force field parameters of the three inhibitors were developed
according to the standard procedure [29, 33 and 34]. The hydrogen atoms were added to
the inhibitor atomic coordinates by consideration on the hybridization of the covalent
bonds. Using Gaussian 03 program [35], the structure optimization with the HF/6-31*
basic set was performed to adjust bond lengths and bond angles of ligand. The optimized
geometry was, then, used to calculate the HF/6-31G* electrostatic potential (ESP)
surrounding the inhibitor molecule. The RESP charges were finally obtained by charge-
fitting procedure with the RESP module of Amber. The missing bonded parameters for
inhibitor were gained from the Generalized Amber Force Field (GAFF) [36], while the
standard van der Waals parameters were used to sufficient transferability of inter-

molecules.

3.3 Molecular dynamics simulations

The MD simulations were performed using SANDER module in Amber and the
periodic boundary with NPT ensemble at 1 atm was applied. The SHAKE algorithm [37]
was used to constrain all bonds involving hydrogen atoms and the time step of 2 fs and
was used. The distance cutoff function for nonbonded interactions was set at 12 A and the
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particle mesh Ewald method [38] was applied for an adequate treatment of long-range
electrostatic interactions. The whole system was heated up to 298 K for 60 ps and
subsequently simulated at 298 K for equilibration and production phases. All systems
were well equilibrated at 6 ns. Therefore, the simulations were prolonged for another 4 ns
in all systems. The MD trajectories were extracted from the production phases, the last 4
ns, for analysis.

The stability of the system was monitored through the convergences of energy,
temperature, and global root mean-square displacement (RMSD). The ptraj and MM-
PBSA modules were used to analyze the root mean square deviation (RMSD), hydrogen

bond between inhibitor and protein, decomposition of free energies per residue

(AG="*) and binding free energies (AG,,,) as well as their energy components.



CHAPTER IV
RESULTS AND DISCUSSION

4.1 System stability
The stability of the four systems was determined by the RMSD of the MD

trajectories obtained from simulations with respect to initial structure. The results were
plotted and compared in Figure 4.1. RMSDs for overall atoms, backbone atoms of CDK6
and Vcyclin, inhibitors, and backbone atoms of the residues within a 7 A sphere of
inhibitor were given separately.

In all systems, the RMSD of CDKG6 backbone atoms (blue in Figure 4.1, see also
Figure 1.5 for 3D structure) are relatively higher than that of Vcyclin backbone atoms
(red). While the RMSD fluctuations demonstrated the flexibility of the two proteins, the
RMSD plots for inhibitor (green) and the backbone atoms of its binding residues (pink)
tended to be steady along the simulation time. Taken altogether with the RMSD for
overall atoms (black), all complexes were likely to reach equilibrium at 6 ns. This is
therefore the MD trajectories from the last 4 ns simulation of all systems were taken for
analysis.

Figure 4.1 RMSD plots for the four systems studied: (a) FST-CDK®6/v, (b) AGN-
CDK®6l/v, (c) CHS_A-CDKG6l/v, and (d) CHS_B-CDKG6/v.
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4.2 Kinase inhibitor binding pattern in active CDK6

4.2.1 Hydrogen interactions

All inhibitors studied here are classified as flavonoids, containing different
numbers of hydroxyl group substitutions on the three rings, A-C as shown in Figure 1.6.
Hydrogen bonding between these hydroxyl groups as well as the carbonyl oxygen of
these flavonoids and the surrounding residues is an important factor in inhibitor binding
at the active site. To monitor such interaction, the percentage and number of hydrogen
bonds were calculated according to the following criteria: (i) proton donor-acceptor
distance < 3.5 A; and (ii) donor-H-acceptor bond angle > 120°. The results were shown in
Figure 4.2, where the strong and medium hydrogen bond interactions are defined from

the H-bond occupations of higher than 75% and 50%, respectively.

I 1B e -0 __| 1il . e '

. 11
1 (I I O T SRR\ (o) WA SNl | 1 1il Pl & 23 WBW n
| s, " ™ - i1 11 ] —

Figure 4.2 (1): Percent occupation of hydrogen bonds between the CDKG6 residues and
inhibitor at three moieties (A-C are identical to these defined in Figure 1.6) for the four
systems studied here: (a) FST-CDKG6/v, (b) AGN-CDKG6/v, (c) CHS_A-CDKG6/v, and (d)
CHS_B-CDKG6/v. (I1): The schematic view of inhibitor-CDKG6/v interactions taken from
the last MD snapshot.
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Figure 4.2 ligand-enzyme interactions in the three complexes are in the following
order: FST-CDK®6/v > AGN-CDK6/v > CHS_A-CDKG6/v ~ CHS_B-CDK®6/v. The total
number of the H-bond interactions formed between inhibitor and the binding residues are
7, 4, 3 and 2 for the FST-CDK6/v, AGN-CDK6/v, CHS_A-CDK6/v and CHS B-
CDKG®6/v, with the number of strong hydrogen bonds of 4, 3, 1 and 2, respectively. The
conserve H-bonds were formed at A- and C-ring (see Figure 1.6 for definition) of the
inhibitor. In the A-ring, the two H-bond at the 7-OH group with the -COQO" group and the
N atom of the D104, the binding residue in the C-terminal domain, were detected in all
systems with the FST-like form (Figure 4.2a-4.2c) with variation in % occupation. The
other weak H-bond found in FST and AGN. This is not include the CHS B-CDKG6/v in
which the ligand conformation is different from that of CHS_A-CDKG6/v (see in Figure
4.2) and, hence the H-bond was found to form with the positively charge residue, K43
indeed. The other conserved strong H-bond at the C-ring was found between the 4-keto
group of the three inhibitors and the backbone nitrogen of V101 as shown in Figure 4.2a-
4.2d.

The other set of H-bond which supposed to play role in increasing sucessibility of
the inhibitor, depends on number and position of the —OH group in the A-, B- and C-ring.
In A-ring, addition of the —OH group at 5-position in AGN and CHS inhibitors has no
effect in inhibitor binding at the CDK active site, i.e., no more H-bond was found in
Figure 4.2b-4.2c relative to those in Figure 4.2a. In addition, the presence of the 3-OH
group in the C-ring in the FST has induced one more H-bond strongly formed with the
backbone carbonyl oxygen of E99 (Figure 4.2a). Formation of this H-bond, in addition to
that interesting to the V101 which available for all three inhibitors, make the FST
oriented and anchored well in the hinge region between the N- and C-terminal domains of
protein kinase as in consistent with those found in the X-ray structure (Figure 1.5b).

For the dihydroxylphenyl ring of FST (B-ring in Figure 4.2a), the main
stabilization to the 3'- and 4'-OH groups was accordingly contributed from the -COO"
group of residues D163 and E61 in the C- and N-terminal domains, respectively, with
almost 100 % occupation. In addition, the —NH3" moiety of K43, the residue in the
N-terminal domain, moderately interacted with the 4'-OH group of this compound. This

is somewhat different to the X-ray structure of FST-CDKG6/v complex where the K43 side
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chain was found to stabilize both —OH groups (Figure 1.5b). In Figure 4.2b, the B-ring
without the —OH group at 3'-position in AGN has significantly caused a reduction in H-
bond interactions, i.e., only a strong hydrogen bond was established from the 4’-OH
group to the -NHj3 group of K43. As expected, there is no H-bond formation to the highly
hydrophobic phenyl ring of CHS in both orientations (Figure 4.2c-4.2d). It is a worth to
note that the important interactions with three catalytic residues of protein kinase, K43,
E61 and D163, were only maintained in the FST-CDKG6/v simulation

4.2.2 Per residue inhibitor-enzyme interactions

Figure 4.3 Decomposition of the free energy on a per-residue basis (AG[=") of

residues in the N-terminal domain (violet), the hinge region (orange) and the C-terminal
domain (green) into the contributions from the atom groups of the backbone (light gray)
and side chain (gray) in the CDK6/Vcyclin complex bound to (a) FST, (b) AGN, (c)
CHS_Aand (d) CHS B

To explore the key binding motif of the flavonoid compounds inhibiting the
CDK®6/Vcyclin complex, the fundamental information of intermolecular interactions

contributed from the residues contacted to each inhibitor were determined in leans of the

pair interaction decomposition of free energy (AG=, the per residue total binding free
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energy). In addition, contribution from the backbone atoms (AG%™™ ) and the side

chain atoms (AG;%"™") were calculated separately. The 15 residues in the N-terminal

domain, the hinge region and the C-terminal domain, were chosen according to the X-ray
structure of the CDK6/Vcyclin with the FST bound [20]. The calculation was performed
over the last 4-ns MD snapshots using the decomposition energy module in AMBER. The

AG="* together with the AGZ5™™ and the AG%™" were summarized in Figure 4.3A.

Moreover, the electrostatic (Eele + Gpolar) and van der Waals (Evaw + Gnonpolar) €nergy

terms of each residue were also evaluated and compared in Figure 4.4.

Figure 4.4 Energy contribution of electrostatic (E,, +G,,, ) and van der Waals

polar

(Egw +G ) terms for the residues in the N-terminal domain (violet), the hinge

nonpolar
region (orange) and the C-terminal domain (green) of the CDK6/Vcyclin complexed with
inhibitors. (a) FST-CDKG6/v, (b) AGN-CDKG6/v, (c) CHS_A-CDKG6/v and (d) CHS_B-
CDKG6lv.

It can be seen in Figure 4.3 that almost all inhibitor contacted residues provided

the stabilization through their side chains, the AG[=/ (black) is almost contributed
from the AG;%™" (dark gray). This is except for the four residues, 99-101 and 103, in

the hinge region where the AG25™ (light gray) play stronger role to the AG"®. In the

N-terminal domain, the hydrophobic side chains of 119, V27 and A4l created the
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favorable van der Waals contacts with the inhibitor molecule (dark gray in Figure 4.3 and
vdW component in Figure 4.4), while the positively and negatively charged side chains
of K43 (for FST-CDK®6/v, AGN-CDK®6/v and CHS_B-CDKG®6/v systems) and E61 (for the
FST-CDKG6/v) stabilized the inhibitor by providing electrostatic contribution (dark gray
in Figure 4.3 and electrostatic component in Figure 4.4) via hydrogen bond formation.
The residue V101 in the hinge region provided the highest degree of stabilization

(AG=™ < =3 kcal/mol, black in Figure 4.3) among 15 residues to all inhibitors through
its backbone (AGXS™™ < —2 kcal/mol, light gray in Figure 4.3) forming a strong

hydrogen bond with the inhibitor keto group as mentioned previously. This is supported
by the energy contribution of this residue primarily from the electrostatic term of
< —2 kcal/mol (Figure 4.4). In contrast, the other four residues in this region partially
built up the hydrophobic pocket for inhibitor as seen by more stabilizing vdW
contributions in Figure 4.4. In the C-terminal domain, the L152 stabilization of —2
kcal/mol was found in all systems (black in Figure 4.3) mainly contributed from its
hydrophobic side chain favorable vdW interacting to the benzopyran ring of inhibitor.
The electrostatic stabilization from D104 was dominantly observed in the AGN-CDKG6/v
and CHS_A-CDKG®6/v systems (Figures 4.3 and 4.4) due to the firmly formed hydrogen
bond and two weak H-bonds with the -COO" group, respectively (Figure 4.2).

In summary, the order of per-residue energy contribution from the surrounding
residues to inhibitor was FST-CDK6/v > AGN-CDK®6/v > CHR_A-CDKG6/v ~ CHS_B-
CDKG®6/v. The stabilizations were achieved from both electrostatic (hydrogen bond) and
vdW components from these surrounding residues as described above.

4.2.3 Binding free energy (MM-PBSA)

The MM-PBSA free energy calculation was performed for all systems using the
same set of snapshots as these used to evaluate the per-residue energy decomposition.
The binding free energy (AG,,,) and the details of energy contributions are given in
Table 4.1.

In gas phase (MM interaction energy), the order of the preferential favorable
AE,, contribution was FST-CDKG6/v > AGN-CDKG6/v > CHS_A-CDK6/v ~ CHS_B-
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CDKG®6/v in which the corresponding AE,, are -53.0 < -46.9 < -30.4 < -28.0 kcal/mol,

respectively. This is in consistent with the order of number and percentage of hydrogen

bond formations wanted earlier as well as the non-polar (AGS: + AE

sol ele

) energy term,
while the AE,,, contribution was favorably found with similar amount for all systems

(c.a. -33 to -36 kcal/mol). In contrast, the solvation free energy, the polar (AGS; + AE,,.)

sol

energy become unfavorable that is the values of 8.4, 12.6, 14.7 and 14.4 kcal/mol lead to
the following order FST-CDK6/v < AGN-CDK6/v < CHS_A-CDKG6/v < CHS_B-
CDKG6/v, respectively. This is due to the large extent determined by desolvation energy.
This phenomenon has been also observed in some biological systems in solution [28, 39
and 40].

Taking into account the overall summation of the energy component, the binding
free energies (AG,;,,) of -30.5, -27.8, -23.3 and -26.1 kcal/mol were obtained for the

FST-CDK®6/v, AGN-CDKG6/v, CHS_A-CDKG6/v and CHS_B-CDKG®6/v, respectively. As
shown in Table 4.1, the order of predicted binding efficiencies is in the same order as of

the experimental inhibitory affinities, 1Cso. Moreover, the AG,;,, results in Table 4.1

suggest us also to conclude that the CHS in B orientation is better fits and binds into the
ATP binding site of active the CDK®6 than that in the orientation A (see in Figure 4.2 for
definition). This is in consistent with the X-ray structure of the related analog, deschloro-
flavopiridol, inhibiting the CDK2.

Table 4.1 The binding free energy (kcal/mol) and its components of the three kinase
inhibitors (FST, AGN and CHS) in four complexes FST-CDKG6/v, AGN-CDKG6/v,
CHS_A-CDKG6/v and CHS_B-CDKG6/v where the experimental 1Csy values taken from
ref. 10 were also given.

FST-CDK6/v  AGN-CDK6/v CHS_A-CDKG6/v  CHS_B-CDKG6/v

AE,, -53.0+8.6 -46.9+6.4 -30.4+4.4 -28.0+3.2
AE 4 -34.2+3.2 -35.7+3.3 -33.4+2.1 -36.0+2.5
AEyy -87.1+7.9 -82.645.6 -63.843.5 -64.0+3.8
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Table 4.1 The binding free energy (kcal/mol) and its components of the three kinase
inhibitors (FST, AGN and CHS) in four complexes FST-CDKG6/v, AGN-CDKG6/v,
CHS_A-CDK®6/v and CHS_B-CDKG6/v where the experimental 1Csq values taken from
ref. 10 were also given (cont.).

FST-CDK6/v  AGN-CDK6/v CHS_A-CDKG6/v

CHS_B-CDKG6/v

AG nonpolar

sol
AGg
AG,
AGE + AE,,

sol

AG nonpolar +AEVdW

sol

AGy;g
ICsy (UM)

-4.8+0.1 -4.6+0.4 -4.6+0.3 -4.5+0.1

61.4+7.2 59.5+4.6 45.1+3.7 42.4+3.4

56.6+7.2 54.9+4.7 40.5£3.6 37.9+3.4

8.4+5.0 12.6%5.1 14.7£3.5 14.4+3.7

-39.0£1.7 -40.4+1.85 -38.0+1.2 -40.5+1.3

-30.5+4.5 -27.8+3.5 -23.3+2.9 -26.1+3.2
0.85 1.70 6.00




CHAPTER V

CONCLUSIONS

In this study, the molecular dynamics simulations were applied to seek the
detailed information on the key intermolecular interactions and dynamic properties of the
three flavonoid inhibitors FST, AGN and CHS binding to the CDK6/Vcyclin complex.
Both electrostatic, especially through hydrogen bond formation, and vdW interactions are
important factors in binding efficiency of flavonoids against the CDK6/Vcyclin. The
inhibitor binding strength likely depends on the number and position of hydroxyl group
substitutions as well as the inhibitor orientation in the ATP binding pocket. The
interaction of carbonyl group of inhibitor with V101 is considerably conserved in all
flavonoids with either A or B binding conformations, while the 3'- and 4'-OH groups on
the B ring are found to significantly increase in binding and inhibitory efficiency. Based
on MM/PBSA method, the order of the predicted inhibitory affinities of these three
inhibitors toward the active CDKG6 displayed in the same trend of the order of the
experimental 1Cso values, i.e., FST > AGN > CHS. In addition, the CHS preferentially
binds to the active CDKG6 in the different orientation to FST and AGN but similar to its
related analog, deschloro-flavopiridol, which was previously found in the CDK2 crystal
structure. The obtained results are useful as the basic information for the further design of

potent anticancer drugs specifically targeting at the CDK6 enzyme.
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