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ABSTRACT

Fibroblast growth factor receptor (FGFR) is a cell membrane protein, a member of
tyrosine kinase family, which has extracellular domains activated by ligand binding,
followed by receptor dimerization. FGFR3 has two isoforms, Illb and Ilic. The Illb
isoforom of FGFR3 is a highly expressed epithelial cell protein, whose R248C mutation
causes different kinds of dermatological diseases like seborrheic keratoses (SK), acanthosis
nigricans (AN) and epidermal nevi (EN). This mutation leads to ligand independent
receptor dimerization, which increases intracellular signaling, resulting in skin diseases. In
order to prevent R248C mutation-caused cellular signaling, a pentapeptide ligand is
designed that recognizes the mutation and binds to the receptor dimerization site. For this
purpose molecular docking and molecular dynamics simulations are conducted. Binding
free energy is calculated with Steered Molecular Dynamics (SMD) and Molecular
mechanics — Generalized Born Surface Area (MM-GBSA) methods. The found
pentapeptide sequence appears to be a possible drug candidate for FGFR3 1llb R248C
mutation related skin diseases.



OZET

Fibroblast biiyiime faktori reseptorii (FGFR) ligand baglanmasi ile aktive olan
hiicre dis1 bileseninin dimerlestigi, tayrozin kinaz ailesine mensup bir hiicre zar1 proteinidir.
FGFR3 IlIb ve Illc olmak iizere iki izoform yapisina sahiptir. FGFR3 I11b izoformu epitel
hiicrelerde yiiksek miktarda iretilen bir protein olup; R248C mutasyonu seborrheik
keratoz, deri neviisii ve akantozis nigrikans gibi cilt hastaliklarina yol agar. Bu mutasyon,
hiicre ici sinyalizasyonu arttirarak deri hastaliklarina neden olan ligand bagimsiz reseptor
dimerlesmesine yol agar. R248C mutasyonunun neden oldugu hiicresel sinyalizasyonu
engellemek i¢in, mutasyonu taniyan ve dimerizasyon bolgesine baglanan besli bir peptid
inhibitor tasarlanmistir. Bu amaca yonelik olarak molekiiler yerlestirme (docking) ve
molekiiler dinamik (MD) simiilasyonlar1 gergeklestirilmistir. Baglanma serbest enerjileri,
¢cekme molekiiler dinamik (SMD) ve Molekiiler Mekanik Genellestirilmis Born Yiizey
Alant (MM-GBSA) metodlar1 kullanilarak hesaplanmigtir. Bulunan besli peptid, FGFR3
IITb R248C mutasyonunun yol actigi cilt hastaliklar1 i¢in etkili bir ila¢ adayr 6zelligi

tagimaktadir.
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Chapter 1: Introduction

1. INTRODUCTION

Seborrheic keratoses (SK), acanthosis nigricans (AN) and epidermal nevi (EN) are
dermatologiacal diseases caused by fibroblast growth factor receptor (FGFR3) R248C
mutations. As they occur at the outer surface of the dermis, transdermal drug delivery can
be used for candidate drugs. By being mostly treated via surgery, topical cure can be cost-

effective.

FGFR is a member of tyrosine kinase family which has extracellular domains
activated by ligand binding, followed by receptor dimerization. FGFR is a four membered
(1, 2, 3 and 4) protein family which is generally involved in normal angiogenesis and
embryonic development. FGFR3 has two isoforms called I11b and Ilic. The IlIb isoform is
expressed in epithelial cells, in which its mutations cause dermatological diseases,
described above.

R248C mutation of FGFR3 I1IB causes ligand independent receptor dimerization,
which increases intracellular signaling. In order to prevent this situation, peptide based
drugs can be used for receptor inhibition. Because of the fact that peptide drugs are easy to

produce and modify, they are chosen as candidate inhibitors in this study

Computational drug discovery is an active research area, aiming to obtain faster
results for drug design, which usually takes more than 10 years for a drug to reach the
market. Docking and molecular dynamics simulations are the major tools that are recently

used in drug discovery.

In this thesis, the peptide drug design process for FGFR3 Illb R248C mutation-

caused diseases is investigated in six different chapters.
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Chapter 1: Introduction

At the literature overview part, dermatological diseases caused by FGFR3 IlIb
R248C mutations are explained briefly. Then activation and disease relating mechanism of
the FGFR3 is explained.

In the methodological background part, molecular docking techniques, online loop
prediction tools are introduced. The molecular dynamics methodology is explained in detail
followed by steered molecular dynamics (SMD) and molecular mechanics generalized

Born surface area (MM-GBSA) explanation.

In the methods part, the technical basis of the study is given in the order of,
preparation of initial coordinate files, molecular dynamics with CHARMM 27 and
AMBER force fields, peptide preparing and docking methodology. Binding free energy
calculation methods are explained by SMD and MM-GBSA in detailed format.

In results and discussion part, the following terms are emphasized in the following
order, MD simulations before docking, docking results, SMD simulations and MM-GBSA
analysis with RMSD values and calculations done by Jarzynski identity. Additionally drug-

likeliness is discussed.

In the conclusion part, a general overview is given about the work done and the
effective usage of the candidate drug is explained. Finally, planned future work for this

drug design process is explained.

13



Chapter 2: Literature Overview

2. LITERATURE OVERVIEW

2.1 FGFRS related diseases

Seborrheic keratoses (SK), acanthosis nigricans (AN) and epidermal nevi (EN) have
common histopathologocial issues like hyperpigmentation, hyperkeratosis, papillomatosis
and acanthosis (Figure 2.1.1). Some EN patients can have urothelial (urinary tract)
carcinoma at young ages, related to the conjunct FGFR3 mutations [1]. Work completed by
Logie et al. has shown that somatic mutations of FGFR3 are important for SK occurrence
[2]. Additionally, a transgenic mouse model showed that S249C mutations of the FGFR3
cause skin to look like SK histologically [1]. Also, Hernandez concluded that R248C
mutation of FGFR3 is an important hot spot resulting in EN [3] .

A B

Figure 2.1.1: A- Epidermal nevi on the neck [4] B- Seborrheic keratoses on the back [4]

There is still not enough data explaining the detailed mechanisms of the FGFR3
mutations at urinary tract tissues and skin. Even though exposure to UV is related to SK, it
is not enough to explain urethelial tumors [5]. Additionally all SK histological subtypes do
not include FGFR3 mutations [3].

14



Chapter 2: Literature Overview

An immunohistochemical staining analysis showed that (Figure 2.1.2), expressed
FGFR3 proteins are involved at the dermis part of the skin. Since FGFR3 expressed region
is too close to the outer surface of epidermis, theoretically it is possible to use topical drugs

for treatment.
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EPIDERMIS

Sweat duct
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Figure 2.1.2: A-Immunohistochemical staining for the FGFR3 protein from a
seborrheic keratoses region. Brown stained parts are the FGFR3 protein [6]. B- Cross

section of the human skin [7].

Currently, epidermal nevi and seborrheic keratoses are treated by surgery [1]. As
the mutation patterns are already described for FGFR3, the use of topical peptide drugs is

possible to cure these kinds of tumors.

Protein based drugs like insulin and thyroid hormones have been widely in use since
mid 1900s. Today, there are more than 200 proteins and peptides approved as a drug by the
US Food and Drug Administration (FDA). Peptide drugs can be classified according to
their source and activation mechanism as follows: hormones and growth factors, clotting

15



Chapter 2: Literature Overview

factors and anticoagulants, bacterial or plant toxins, drug-activating enzymes and antibody-
based drugs [8].

For skin disorders transdermal drug delivery can be achieved by chemical
enhancers, iontophoresis, microneedles, microdermabrasion, thermal ablation and
ultrasound [9]. These recent findings have increased FDA approved transdermal drug rate
since 1980s as seen in (Figure 2.1.3). For a peptide based drug, natural pore forming
peptide, magainin, can be used as an effective agent for drug permeation through the skin
[10].

20
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Figure 2.1.3: Cumulative number of FDA approved transdermal drugs [9].

Peptides used in cancer treatment target specific protein-protein interactions which
are also seen in the tumor mechanism of FGFR3 R248C mutation. Compared to other

chemical compounds, peptide drugs are more preferable as they are small, less
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Chapter 2: Literature Overview

immunogenic, and can be easily modified to avoid degradation and improve bioavailability

[8].

2.2 Mechanism of FGFR3 activation

Receptor tyrosine kinases are a large family of proteins that have extracellular
domain activated by ligand binding-induced receptor dimerization. Depending on the cell
type and its environment, different responses can be obtained like cell migration,
proliferation, differentiation and apoptosis. Fibroblast growth factor receptor (FGFR) is a
four membered protein family which is generally involved in normal angiogenesis and
embryonic development. Structurally the FGFRs have an extracellular ligand binding
domain composed of two or three immunoglobulin-like domains, a transmembrane region
and a cytoplasmic domain showing intracellular activity (Figure 2.2.1) [11]. Alternative
splicing is a process in which the exons of RNA (translated parts of RNA) are reorganized
with spliceosome enzyme to produce different proteins. By the alternative splicing of the
second half of the 1g domain, different isoforms of FGFRs (FGFR 1-4) (Figure 2.2.2) are
produced. This splicing causes ligand binding specificity for different isoforms. FGFR3 has
two isoforms, FGFR3 Illb is an alternatively spliced form of exon 8, FGFR3 Ilic is an

alternatively spliced form of exon 9 [12].

17



Chapter 2: Literature Overview

Figure 2.2.1: General structure of FGFR [13]
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Figure 2.2.2: Structural representatives of FGFR isoforms and variants of RNA
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Chapter 2: Literature Overview

There are about 23 fibroblast growth factor receptors (FGFs) activating the FGFRs.
This activation is achieved with the help of sulphated glycosaminoglycans (GAGS) such as
heparin or heparan sulfate. Crystallization studies showed that heparin both interacts with
FGF and its receptor. This indicates that there is a complex activation mechanism of FGFR
receptors. FGFR3 Illb and Ilic are both activated by FGF1 and FGF9 ligands. Additionally
FGF2, 4, 6 and FGF8 also bind to the FGFR3 Illc isoform. By having a wide range of

ligands there is a high number of combinations for receptor activation and possible effects

(Table 2.2.1) [13] .

Table 2.2.1: FGF families and their receptors [13].

Ligand Name Receptor Name
FGFR1 B, IIIC; FGFR2 I11B, IC;FGFR3 I1IB,

FGF1 I11C; FGFR4
FGF2 FGFR1 B, IC; FGFR2 I11C; FGFR3 IIC; FGFR4
FGF3 FGFR1 I1IB FGFR2 111B
FGF4 FGFR1 IIIC, FGFR2 I1IC, FGFR3 IlIC, FGFR4
FGF5 FGFR1 HIIC, FGFR2 IlIC
FGF6 FGFR1 IIC, FGFR2 I1IC
FGF7 FGFR2 111B
FGF8 FGFR1, FGFR2 IIC, FGFR3 IlIC, FGFR4
FGF9 FGFR2 111C, FGFR3 11IB, I1IC; FGFR4
FGF10 FGFR1 111B, FGFR2 111B

FGF11-14 Unknown
FGF15 Unknown

FGF16-19 FGFR1 IIC, FGFR2 IlIC
FGF20 Unknown

19




Chapter 2: Literature Overview

The FGFRs are expressed variably during the embryonic development. The FGFR3
expression is detected in the kidneys, lungs, brain, cartilage, intestine, pancreas and testis.
Tissue specific expression of 111b and Illc isoforms are also described. The I1lb isoform is
expressed in the epithelial cells whereas Ilic is generally expressed in the mesenchymal
cells [14].

FGFR signaling is directed to the cell by a phosphorylation mechanism. Following
the receptor dimerization in residues 167-171, autophosphorylation of tyrosine residues 653
and 654, which are highly conserved between FGFR family, occurs. These tyrosine
residues are the binding sites of phosphotyrosine binding intracellular signal proteins. Upon
activation, Ras-MAPK and STAT pathways are activated (Figure 2.2.3) [12].

]
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Figure 2.2.3: Structural mechanism of the FGFR3 activation [15]
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Chapter 2: Literature Overview

Specific germline mutations of the FGFR3 cause autosomal dominant human
skeletal disorders that include craniosynostoses and chondrodysplasias. The most severe
causes of dwarfism are intracellular and extracellular mutations of FGFR3. Mouse model
studies show that activated FGFR3 Illc mutations inhibit normal bone growth which leads

to dwarfism.

The over-expression and activated point mutations of FGFR3 give rise to
intracellular signaling that results in severe forms of cancer. Point mutations are mostly

identified in haematological cancer, multiple myeloma, bladder and cervix cancer [11].

The extracellular missense mutations to cysteine cause ligand independent
dimerization of the FGFR3, possibly due to a conformational change, which increase
cellular signaling (Figure 2.2.4). Previous studies done by Hartmann and his colleagues
show that R248C mutation, mostly observed in benign skin cancers [16], causes FGF
independent receptor activation by forming intermolecular disulfide bond [17]. Previously
designed FGFR targeted drugs (SU 5402, CHIR-258, PD 173074) are effective on FGFR3,
but they are not receptor specific [18-19].

21
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Figure 2.2.4: Most common forms of the FGFR3 mutations

By targeting the residues (248 and 167-171) that are responsible for receptor
dimerization and signal transmission, theoretically it is possible to inhibit R248C caused
cancers by using receptor specific inhibitors. We are planning to create peptide based
inhibitor to cure R248C mutated FGFR3 caused benign skin tumors by the help of

computational tools, molecular docking and molecular dynamics.
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Chapter 3: Methodological Background

3. METHODOLOGICAL BACKGROUND

3.1 Docking

Currently, the number of protein structures determined experimentally and obtained
by structural genomics is increasing and becoming accessible online [20-21]. Additionally
computational tools are increasingly used in the drug design process with the help of the
continuous rise in computer power and available methodologies [22]. Molecular docking is
a method used to define the structure of the bound drug to active site of a target protein.
Since its discovery in the 1980s, docking has been the leading method in the primary step
of the drug design process [22-23]. Docking involves two steps: First, correct binding
conformation of the drug should be estimated. Second, binding affinity is quantified by a
scoring function. Thus, docking protocol can be summarized as a combination of a search
algorithm and a scoring function. Reaching effective guess of the binding mode prediction

and high speed is the key issue for docking [24].

The bound mode of a docking algorithm is evaluated by a root mean square
deviation (RMSD) from experimental results, lower RMSD compared to experimental
mode indicates a better docking result. Ligands have high degree of freedom, which results
in flexibility as a major point in binding mode prediction [25]. In early works, both ligand
and protein were considered rigid bodies. Later several approaches are generated in which
the conformational space of the ligand or ligand-protein is calculated as seen in (Table
3.1.1) [24].

23



Chapter 3: Methodological Background

Table 3.1.1: Types of flexible ligand, flexible receptor search algorithms [24]

FLEXIBLE-LIGAND
DOCKING

FLEXIBLE-PROTEIN
DOCKING

Systematic

Molecular dynamics (MD)

Conformational

Monte Carlo (MC)

Database

Rotamer libraries

Random/Stochastic

Protein ensemble grids

Monte Carlo (MC)

Soft receptor modeling

Genetic algorithm
Tabu Search

Simulation Methods

Molecular dynamics (MD)

Energy minimization

To search the conformational space of a ligand, either systematic, random or
stochastic simulation methods are used. Systematic algorithms rotate all rotatable bonds
360°, so all possible search space is evaluated. This type of usage is limited due to a high
dimension problem. In a random search, several random samples are taken from
conformational space of the ligand. Monte Carlo, Genetic Algorithm and Tabu search are
examples of this method. Simulation methods depend on the calculation of Newton’s
equation of motion. Molecular dynamics and energy minimization are considered members
of the simulation method. Crossing the energy barriers and sampling the conformational

space in a feasible time are the drawbacks of simulation methods [24].
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Chapter 3: Methodological Background

Flexible ligand search methods have given reliable results in almost half of the
studies in which they were used [26]. Many proteins have a conformational change in some
side chains and loops upon ligand binding. This kind of receptor flexibility is considered in
recent work for docking, which is achieved by MD and MC methods [27], rotamer libraries
[28], protein ensemble grids [29] and soft-receptor modeling [30].

Scoring functions are used for determining the ranking of the binding free energies
of the ligand bound to the receptor. However, having correct binding mode is not enough; it
is also necessary to separate false positives for a successful docking process. Since the
computational time increases with a very detailed scoring function, using an acceptable
simplified method is a limiting step for the docking process. To achieve this, different
scoring functions are used, such as force- field based, empirical and knowledge-based

scoring [24].

Docking is a well established method, but it is far from being excellent [31]. In
recent studies having an RMSD difference from the experimental structure about 1.5-2 A
is reported with a 70-80 % success rate [32]. However, problems at incorporation of an
exact scoring function, considering the solvent effect, low resolution of targets and protein

flexibility upon binding are key issues to be solved in a docking process [33].

Although many promising results have been obtained from docking computations,
the algorithms are still far from perfect due to inefficient combination of accuracy and
speed. Hence, docking results should be accepted as a starting point for the drug design
process and further validation methods should be taken into account like molecular
dynamics [24].

25



Chapter 3: Methodological Background

There are many docking programs with different skills and performance. As seen in
(Figure 3.1.1) AutoDock [34], GOLD [35], FlexX [36], DOCK [37], and ICM [38] are the

most common docking programs according to citation rates up to 2005.

Docking Programs - Trends

Number of Citations

ITETY

Program

Figure 3.1.1: Docking programs and the number of citations per year for the most

common docking programs, analyzed from ISI Web of Science (2005) by the first

references taken into account [24].

AutoDock 4.0 uses a gradient optimization and local optimization procedure to find

minimum energy binding conformation of a ligand to a target protein. By using molecular

26



Chapter 3: Methodological Background

mechanics force fields Autodock 4.0 gives a scoring function for each docking simulation.
The scoring function used at simulations defined by a semiempirical free energy force

field, which consists of the following evaluations in Appendix 1 [34]:

AutoDock 4.0 can be used with supercomputers and it is the most cited docking tool
as indicated at work by Sousa S. F. et al. (Figure 3.1.1) [24]. Being free for academic users,
AutoDock 4.0 is chosen as the docking tool of this study.

3.2 Tools

Proteins’ 3D structures are important for calculation of the functional
characterization in computational studies. While experimental structure is not available,
comparative modeling and threading are generally used with sequence information [39].
Even comparative methods give reliable structure results by using the high resolution
experimental studies as a template, the loop structures often are not the same. Additionally
loops are found at the surface and mostly have a function at the activity of the proteins
[40]. The major functional differences between the same protein families are achieved by
the variety of the loop structures. Hence, it is important to define missing loops of the

experimental structures while investigating ligand—protein interactions [41].

ArchPRED is an online loop prediction server that uses fragment based search
method. By the server, it is possible to predict loops of length 4,8 and 12 with the covarage
of 98, 78 and 28% with at least 0.22, 1.38 and 2.47 A RMSD accuracy, respectively [41].

In our study, ArchPRED server is used to generate missing loops of our protein
FGFRS.
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Chapter 3: Methodological Background

3.3 Molecular dynamics

From the first molecular dynamics simulation of a bovine trypsin inhibitor at 1977,
there are rapid improvements in computational sources and the force fields. Since then,
simulation time has increased from picoseconds to microseconds. There are different

applications of the simulations at the macromolecular area like down below:
- Determining configuration space of the molecule to refine experimental data.
- Obtaining thermodynamic, structural and motional properties of the system.
- Getting actual dynamic properties of the system

Steered molecular dynamics (SMD) applies time dependent external forces to
define various aspects of proteins like ligand binding and elastic properties. This method is
used in biological systems to investigate mechanical properties of proteins, antigen
antibody interaction, free energy analysis and conduction of ions through membrane
channels [42].

Molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) and molecular
mechanics-generalized Born surface area (MM-GBSA) are used to calculate free energy of
binding by considering ligand, receptor and complex [43]. There are articles reporting

correlations with the experimental studies of inhibitor design by using these methods [44].

MD is a powerful technique to get information about particle motions of a given
macromolecule. By using well defined energy functions it is possible to determine position
of each atom for a given time period. Atoms’ positions are calculated based on Newtonian

equation of motion from the following in Equation (3.3.1):

F =l U (ruhenr),  @=L2.N Equation (3.3.1)
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In Equation (3.3.1) m, is the mass of the particle, r is the position of the particle,
Uyt IS the total potential energy which depends on positions of all atoms. N is the number
of atoms in the system. Uy is calculated by a potential energy function given as in Equation
(3.3.2):

|r—'-:'.:: = |r-'-"\-'.:':.'ll + lr-'- Wy lr—'-

anmgnie i!'!l‘cll"_'ll..‘u

+ U gritomt + U Equation (3.3.2)

First three terms in Equation (3.3.2) come from intramolecular interactions:

Upong = Ky, (b=b,,)’ Equation (3.3.3)
bonds
Uangle = Z Ka (e_eeq)z Equation (334)
angle
V., - .
U ginearals = Z ? [+ cos(ng—y) Equation (3.3.5)

dihedrals

Here K represents a constant for bonds and bond angels. b is bond length, 6 bond
angle. beq and 0Beq represent bond length and equilibrium bond angle. V is a force
constant, ¢ is dihedral angle and vy is the phase angle. Last two terms in Equation (3.3.2)

come from non-bonded interactions between atoms:
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Z qT (Equation 3.3.6)

]

"4, B,
Z R__ R_J (Equation 3.3.7)

In Equation (3.3.6) and Equation (3.3.7) gi and qj are partial charges of atoms i and
j. € is the dielectric constant. Aij and Bij are constants differing for different atom
interactions and Rij is the distance between the iy and jy atoms. In general, nonbonded
interactions are calculated for all atom pairs by using Lennard Jones potential. Nonbonded
interactions are computed for all non bonded atom pairs using and Coulomb potential for

electrostatic interactions.

During molecular dynamics simulations constraints are applied for the following
purposes: Increasing user defined potential energy surface searching, enforce boundary

forces to stabilize water molecules, prevent high frequency vibrations [45].

Molecular dynamics simulations can be done at different system conditions. At
NVT simulations, also known as canonical ensemble, the number of particles (N), the
volume (V) of each system in the ensemble is the same. Additionally the ensemble has a

well defined temperature (T), given by a heat bath in which is in equilibrium.

At NPT simulations, also known as isothermal—isobaric ensemble, temperature (T),

pressure (P) and number of particles (N) are kept constant.
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3.3.1 Steered Molecular Dynamics:

Steered molecular dynamics are widely used for investigating binding mechanism
of a ligand, protein unfolding and protein — protein interactions. In a non equilibrated

system the external work done on the system at time interval 0 to z is defined as:

W(t) = /‘ Ed=. (Equation 3.3.1.1)

In the Equation (3.3.1.1), W (¢) represents the work done by the pulling external
force. F = F (t) is the force applied to the spring and z = z (t) is the distance between the

two force centers.

The second law of thermodynamics states that the average work recorded cannot be
smaller than the difference of free energies between the initial and the final states,
AF < «W:. The equality in this expression is valid only under the conditions, which the
process is quasistatic or reversible, work is independent of the path. A detailed

representation is achieved by the extended form of Jarzynski identity (JI) as follows [46] :
exp (-BAF) =<exp (-pW) > Equation (3.3.1.1)

Equation (3.3.1.1) states that the free energy difference can be expressed as the
exponential average of the work done in the simulation. Here AF represents the binding
free energy, W is the work done during simulation. B equals to 1 / kgT, in which Kg is the
Boltzmann’s constant. The angular brackets ( ) shows an average over an ensemble of

nonequilibrium process.
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AF can be obtained from the equation above by using the average work of steered

molecular dynamics simulation of different converged trajectories [47].

3.3.2 Molecular Mechanics-Generalized Born Surface Area (MM-GBSA)
Method:

The binding equilibrium of ligand to a receptor in a solution can be shown as

follows:

R.+L.<eFL Equation (3.3.2.1)

In this equilibrium in Equation (3.3.2.1), R stands for receptor, L stands for ligand
and C stands for the complex formed upon binding. Binding reaction results in a free
energy difference which comes from the binding free energy of the ligand. Experimentally

binding energy of a ligand is calculated like down below:

AG =RT In(K,) Equation (3.3.2.2)

In Equation (3.3.2.2), R represents the molar gas constant, T is the temperature and
Kd is the dissociation constant experimented. The binding free energy of the ligand can be
also computed [48] as the free energy difference between complex, receptor and ligand is
shown with the following Equation (3.3.2.3):

A Ghinging = AGwaer (cOmplex) —[A Gyaer (protein) + AGyae (peptide)] Equation (3.3.2.3)
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The binding free energies can be estimated from the change in molecular mechanical
energies (A E,,, ), the solvation free energies (AGpg + A Gnonpolar) @and the vibration,

rotation and translation entropies. Each of these terms can be restated as follows in
Equation (3.3.2.4):

A Gwater = A EMM + A Gsolvation' TA S Equatlon (3324)

Here AEmm Is the average energy of the solute, composed of bonded and non-

bonded molecular mechanics interactions:
AEmm = AEgondt AEangle + A Erorsionat A Evaw + A Ecouomb  Equation (3.3.2.5)

In Equation (3.3.2.5) AEgond A Eangle and A Erorsional CONtributions come from the
change in bonded interactions. AEyqw and A Ecouomp COMe from change in non bonded

interactions.

The term TAS in Equation (3.3.2.4) represents the entropic contribution of the
solute. T shows temperature and A'S describes change in the entropy, obtained from
molecular mechanics. AS can be written in a detailed form as follows in Equation
(3.3.2.6):

AS= A SRotational + AS Translational T AS Vibrational Equation (3326)

Here A Srotationals A Stranslational @0 A'S vibrationat Stand for the change in rotational,

translational and vibrational motions of the solute respectively.

In Equation (3.3.2.4) the term A Ggovation represents the solvent contribution to free

energy. It has two components as follows:

A Gsolvation = A Gpolar + A G Nonpolar Equation (3.3.2.7)
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Here A Gpolar Stands for the polar contribution of the solvent and is calculated by
Generalized Born (GB) method in this study. The A Gnonpolar represent the non-polar

contribution and is also computed from solvent accessible surface area (SASA) [49]:

A G = )SASA+ Equation (3.3.2.8)

Nonpolar

Here vy stands for surface tension, SASA stands for the solvent accessible surface

area of the solute and P stands for an offset value.
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4. METHODS

4.1 Preparation of Initial Coordinate Files:

Currently the structure of FGFR3 is released in the Protein Data Bank (PDB) at 2.10
A with code 3GRW [50]. The complex contains 3 chains; FGFR3, Fab antibody chains L
and H. In order to design a specific inhibitor to FGFR3, L and H chains were deleted from
the PDB file. Disease forming R248C mutant is obtained by deleting the residue R248 from
the PDB file and using ArchPRED online server to predict coordinates of the missing 248C

residue.

4.2 Molecular Dynamics:

NAMD molecular dynamics package [51] is used with two different sets of force

fields, as follows:

Firstly the NAMD simulation package is used with the CHARMM 27 parameter set
[52-53]. The mutated structure is solvated at waterbox by using Tk console at VMD. TIP3P
atomistic water model [54] is used for the solvation. In order to have enough pulling space
for SMD simulations, appropriate number of water molecules is added to the system. Three

Cl ions are added to neutralize the system.

Minimization is achieved by using the steepest descent energy minimization
procedure followed by the molecular dynamics simulation gradually annealed from 10 K to

310 K in a simulation period of 10 ps.

Periodic boundary conditions are used during equilibration and run period of the
system. In order to keep the bond length of the water molecules fixed, the SHAKE
algorithm [55] is applied with a rigid bond tolerance of 10 A. The long-range Coulombic
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interactions are calculated using the Particle Mesh Ewald (PME) summation method with
box size 64 x 64 x 120 [56]. The non-bonded cutoff distance is applied as 12 A during the
simulation. Integration times of the simulations are chosen as 1 fs and coordinates and
energies were obtained at every 1 ps. Temperature is controlled by using a Langevin
thermostat with a coefficient of 5 / ps. Simulations are performed at isobaric-isothermal
ensemble (NPT), constant pressure control is applied to the systems. Constant pressure is
obtained by using a barostat Langevin piston pressure at 1.01325 bar on the basis of Nose-
Hoover method [57-58] with oscillation time of 100 fs and a barostat damping time of 50 fs
and a barostat noise temperature of 310 K.

In order to obtain a stable conformation of R248C mutated form of FGFR3, a 13.6

ns molecular dynamic simulations is performed with CHARMM 27 parameter set.

Secondly, the NAMD simulation package is used with the AMBER force field for
bioorganic molecules (ff03) [59]. The mutated structure is loaded to the Leap module of
AMBER 10 molecular dynamics simulation package [60-61] in PDB file format. The
molecule is solvated in a water box with the TIP3P atomistic water model where the
distance between the edges of the water box and the protein was set to 12 A [54]. The

system is neutralized like CHARMM 27 parameter set by adding three CI" ions.

Minimization is achieved by using the steepest descent energy minimization
procedure followed by the molecular dynamics simulation gradually annealed from 10 K to
310 K in a simulation period of 25 ps. Other parameters are applied similar to the
simulation with CHARMM 27 parameter set.

In order to obtain a stable conformation of R248C mutated form of FGFR3, 3.6 ns
molecular dynamic simulations are performed with the AMBER force field.
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4.3 Preparation of the peptide sequences:

Firstly, the antibody used at previous work, which successfully inhibits FGFR3 and
mutated forms of FGFR3 [50], is carefully investigated. Antibody’s FGFR3 interacting
residues are extracted as I'YDLY. Different residues of the peptide are mutated and ten

different sets of peptide sequences are obtained for docking procedure.

HyperChem molecular building tool [62] is used for generation of the peptides. All

structures are minimized during 2 ps at 310 K.

4.4 Docking

The receptor structures are obtained from two different molecular dynamics
simulations which are conducted with the CHARMM 27 parameter set and the AMBER
force field for bioorganic molecules (ff03).

Residues 167-171 are chosen as the binding site residues which are indicated at
work by Qing et al. [50]. AutoDock Tools 1.5.2 is used for generation of simulation files.
The following docking parameters are used for each peptide: The torsional degree of
freedom is 24, the population size is 150, the maximum number of energy evaluations is
250000, the maximum number of generations is 27000, the rate of gene mutation is 0.02

and the rate of crossover is 0.8.

The lowest binding mode structures are used for the following steered molecular

dynamics and MM-GBSA binding energy calculations.
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4.5 Binding free energy calculation methodology:

The following procedural details are used for molecular dynamics binding free
energy calculations with the CHARMM 27 parameter set and the AMBER force field for
bioorganic molecules (ff03) on the NAMD simulation package after adding -COOH group
to N terminus and -CHz to C terminus of the peptides to prevent degradation and to increase

stability:

4.5.1 Steered Molecular Dynamics with the CHARMM 27 force field:

For the CHARMM 27 force field, minimization is achieved with the same
parameters used with the molecular dynamics simulations before the docking process. At
the run period of the simulations the following parameters are different from the pre-
docking process. PME is used with box size 96 x 90 x 144. Harmonic constraint is used to
fix the protein and to allow water molecules to converge without causing any effect on the
protein. Harmonic constraint is decreased by setting k constant from 1 to, 0.5, 0.25, 0.125

for each 0.5 ns NPT molecular dynamics run.

The system’s volume is converged by 14.88 ns NPT molecular dynamics run. Then
system is run for an additional 5.12 ns NVT simulation with the same parameters. The
system is converged after 19.4 ns of total MD run. From the converged trajectory different
snapshots are recorded as PDB at time steps 19.4, 19.55, 19.70, 19.85 and 20 ns for the

steered molecular dynamics calculations.

For each snapshot the residues 247 and 248 of the protein are fixed and the residues
3 and 5 of the peptide are chosen for SMD simulation pulling. Vector crossing through
these atoms is defined for the pulling direction of the SMD simulation. Constant velocity
SMD simulations are used with a force constant of k = 7 pN / A and and velocity 0.00001

A/fs until work graphics are converged.
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For reference peptide, similar parameters are used for MD simulation before SMD

process.

The system’s volume is converged after 19.47 ns NPT molecular dynamics run.
Additionally the system is run for 12.53 ns NVT simulations with the same parameters.
Totally 32 ns simulation is done for reference peptide-protein complex. From the
converged trajectory five different snapshots are taken for the SMD simulation at time
steps 31.4, 31.55, 31.70, 31.85 and 32 ns.

SMD simulation parameters for the reference peptide are the same for the drug

candidate sequence.

45.2 Steered Molecular Dynamics with Amber force field

For the AMBER force field, minimization is achieved with the same parameters
used with the simulations done before the docking process during 25 ps. Only the PME box
size is different, used as 75 x 75 x 125 for the system. Additionally, the simulation
parameters are also the same with the simulation parameters used before the docking

process.

The system’s volume converged after 25.7 ns NPT molecular dynamics simulation.
Then system is simulated an additional 5.8 ns NVT run with the same parameters. The
peptide receptor complex is converged after 5 ns NVT run. From the converged trajectory,
different snapshots are recorded as PDB at time steps 30.7, 30.9, 31.1, 31.3 and 31.5 for the

steered molecular dynamics calculations.

For each snapshot the residues 247 and 248 of the protein are fixed and the residues
3 and 5 of the peptide are chosen for steered MD simulation as it is done with the

CHARMM 27 force field. Vector crossing through these atoms is defined for the pulling
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direction of the steered MD simulation. Constant velocity SMD simulations are used with a

force constant of k=7 pN / A and velocity 0.00001 A / fs until work graphics are converged.

4.5.3 MM-GBSA analysis
For the MM-GBSA analysis, the converged trajectory of the peptide-protein

complex between 15 ns and 24.5 ns from NPT run is recorded. From the recorded

trajectory, 177 snapshots are generated with equal intervals.

GB analysis is conducted by using AMBER MM-PBSA depending on the modified
GB model which is proposed by Onufriev et al. [63]. The internal dielectric constant is
taken as 2 and the external dielectric constant is as 80. Parse radii [49] and Duan et al.

charges are used and modified Bondi radii [64] is used as 2 A for GB analysis.

SASA calculations are conducted with the Molsurf [63], which is a part of the
AMBER simulation package. LCPO method is used with y value taken as 0.005 and B

value taken as 0 for nonpolar contributions.

Entropic terms of binding are calculated by NMODE module of the AMBER
simulation program. All 177 converged snapshots at the NPT run are used with the distance

dependent dielectric constant € = 4Ri.
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S. RESULTS:

5.1 Steered molecular dynamics (SMD) simulations:

The R248C mutated form of FGFR3 is simulated with the CHARMM 27 force
field at NAMD during 13.6 ns, in order to prepare the FGFR3 receptor for docking.
As there are global motions of the protein during simulations, the C, RMSD value is
calculated for domain Il and domain 11l separately. First, domain 1l is fixed and the
RMSD of domain Il is calculated. Second, domain Il is fixed and the RMSD of
domain Il is calculated. The RMSD graphics are obtained as seen in (Figure 5.1.1
and 5.1.2):

RMSD values of FGFR3 domain 11
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Figure 5.1.1: RMSD values of the FGFR3 domain Il during MD simulations
before docking
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RMSD values of FGFR3 domain Il
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Figure 5.1.2: RMSD values of the FGFR3 domain 111 during MD simulations
before docking
As the general structure of the protein is converged, the final structure is

recorded as PDB for docking simulations.

From the docking simulations semi-empirical binding energies are obtained for
the mutated forms of the peptide I'YDLY which is the part of the antibody inhibiting
the FGFR3 as indicated in Qing et al.’s investigation [50]. Additionally, the work of
Naski et al. [17] indicates that R248C mutation forms intramolecular disulfide bond
causing ligand independent signal transmission. Thus for docking simulations,
indicated sites (249, 167-171) are chosen for docking grid. The docking results are
illustrated in (Table 5.1.1):
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Table 5.1.1: Docking results for R248C mutated form of FGFR3 —

pentapeptide sequences.

Binding
Peptide Energy
Number Sequence | (kcal/mol)
1 IYDLY -2.96
2 PYDLY -4.07
3 IWDLY -3.88
4 IYELY -2.6
5 IlYDMY -10.04
6 I'YDLF -3.71
7 GFDLY -4.06
8 VYNLY -2.09
9 IYCHY -12.67
10 IRDAY -8.03
11 I'YDMW -10.71

Peptides having cysteine or methionine have lowest binding scores compared
to the others. Lowest binding modes of docking results of the peptide sequences are
investigated for 5, 9 and 11. The sequence 5 is chosen as it interacts with 167-171 and
248th residues of the FGFR3 as shown in Figure 5.1.3:
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Figure 5.1.3: The docked conformation of the peptide 5 (shown in orange) to
the R248C mutated form of the FGFR3 at VMD. Violet and red bond representatives

show residues 167-171 and residue 248 respectively.

In order to increase cell membrane permeability and to prevent degradation —N
terminus of the peptide is acetylated and —C terminus is methylated. The RMSD of the
complex is converged after being simulated during 14.88 ns NPT and 5.12 ns NVT
MD run. After 20 ns simulation, the RMSD values indicating a converged structure of
the FGFR3 and for the whole complex is shown in (Figure 5.1.4), (Figure 5.1.5),
(Figure 5.1.6) and (Figure 5.1.7).
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RMSD values of FGFR3 domain Il
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Figure 5.1.4: RMSD values of FGFR3 domain Il during MD simulations after
docking
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Figure 5.1.5: RMSD values of FGFR3 domain Il during MD simulations after
docking
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RMSD values of FGFR3
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Figure 5.1.6: RMSD values of FGFR3 during MD simulations after docking.
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Figure 5.1.7: RMSD values of peptide inhibitor during MD simulations after
docking.

Form (Figure 5.1.4), (Figure 5.1.5), (Figure 5.1.6) and (Figure 5.1.7) it is
observed that the RMSD of the system is converged after 4.5 ns NVT, 19.4 ns total
run. From the converged trajectory different snapshots are recorded as PDB at time
steps 19.4, 19.55, 19.70, 19.85 and 20 ns for the steered molecular dynamics
calculations. In (Figure 5.1.8), conformation of the complex recorded as PDB after 20

ns simulation is shown.
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Figure 5.1.8: Conformation of the peptide 5 (shown in orange) bound to the
R248C mutated form of the FGFR3 after 20 ns MD simulation. Violet and red bond

representatives show residues 167-171 and residue 248 respectively.

Obtained PDB structures from MD simulations above are used for SMD
simulations. By using the velocity constant as 0.00001 A/fs and a force constant of

k=7pN/A SMD simulations are done for each snapshot.

Simulations are conducted until work values are stabilized for each simulation.
The force and time step values are extracted from the output files for each simulation

by normalizing the force vector through pulling direction via Tk console at VMD.
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From the obtained time step and force values, work values are plotted by using
W = [ F v dt equation. Results obtained from 5 different SMD simulations are shown
in (Figure 5.1.9):

SMD work graphics of the pentapeptide inhibitor for different snapshots
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Figure 5.1.9: SMD work graphics of the peptide inhibitor from different
snapshots. Here blue represents the snapshot at 19.4 ns, red for the snapshot at 19.55
ns, cyan for the snapshot at 19.70 ns, green for the snapshot at 19.85 ns and magenta

for the snapshot at the 20 ns.

The five different work values obtained for each snapshot are used for free
energy calculations. Jarzynski identity, which states that exp (-BAG) = < exp (-BW) >,
is used for the calculations. Calculation results are shown in (Figure 5.1.10):

48



Chapter 5: Results

Free energy difference by Jarzynski Equation
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Figure 5.1.10: Free energy difference of the pentapeptide bound to the
receptor, calculated from 2ns SMD simulation of the snapshots taken from 19.4,
19.55, 19.70, 19.85 and 20 ns of the NVT + NPT simulations.

From the graph in (Figure 5.1.10), after 2 ns simulation of each snapshot, it is
found that the pentapeptide’s binding free energy to the receptor is AF= -35 kcal/mol.
Since there is ignorable volume change during simulations, binding free energy can be

approximated to Gibbs free energy as AG=-35 kcal/mol.

5.2 Steered molecular dynamics with Amber force field:

The AMBER force field is used for SMD and MM-GBSA analysis to calculate
free energy of the peptide inhibitor bound to R248C mutated form of the FGFR3.

Similar with previous runs done with the CHARMM force field, FGFR3 has
global motions during simulations as it is done with the AMBER force field. Thus C,
RMSD values are calculated for domain 11 and domain 111 separately as seen in (Figure
5.2.1and 5.2.2):
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RMSD values of FGFR3 domain Il
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Figure 5.2.1: RMSD values of FGFR3 domain Il during MD simulations
before docking.
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Figure 5.2.2: RMSD values of FGFR3 domain Il during MD simulations
before docking.

As the RMSD of the system is converged, the last snapshot is recorded as PDB
to use for the docking calculations. Similar to the CHARMM force field, the docking
grid is chosen as residues 167-171 and 249. The docking results of the peptides are
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given in (Table 5.2.1). Compared with previously reported antibody’s binding site
sequence IYDLY, peptide 5 (I'YDMY) again give better results in docking

simulations.

Table 5.2.1: Docking results for R248C mutated form of FGFR3 -

pentapeptide sequences.

Peptide Binding Energy
number Sequence (kcal/mol)
1 I'YDLY -6.33
2 PYDLY -6.01
3 IWDLY -8.17
4 IYELY -7.78
5 IlYDMY -7.71
6 IYDLF -8.54
7 GFDLY -8.93
8 VYNLY -7.62
9 IYCHY -8.27
10 IRDAY -9.51
11 I'YDMW -7.46

Peptides 4, 5, 6, 7, 8, 9, 10 and 11 have lower binding free energies than
peptide 1. Peptide 5 is again chosen and capped like the CHARMM 27 force field case
in order to obtain free energy from SMD simulations with the AMBER force field and
from MM-GBSA analysis with AMBER. By this approach, three different binding
energy calculations are done by CHARMM 27 and AMBER force fields, also with
MM-GBSA at AMBER for the inhibitor peptide.

The docked conformation of the peptide 5 for the AMBER force field SMD
and MM-GBSA simulations is shown in (Figure 5.2.3).
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Figure 5.2.3: Docked conformation of peptide 5 (shown in orange) to R248C
mutated form of the FGFR3 at VMD. Violet and red bond representatives show
residue 167-171 and residue 248 respectively.

RMSD of the complex is converged after being simulated during 24.5 ns NPT
and 5.8 ns NVT MD run. SMD simulations are conducted after the system converged

to an equilibrium state.

RMSD values indicating a converged structure of the FGFR3 domain II,
FGFR3 domain 111, FGFR3 receptor and peptide inhibitor are shown in (Figure 5.2.4),
(Figure 5.2.5), (Figure 5.2.6) and (Figure 5.2.7) respectively.
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RMSD values of FGFR3 domain Il
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Figure 5.2.4: RMSD values of FGFR3 domain Il during MD simulations after
docking.
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Figure 5.2.5: RMSD values of FGFR3 domain Il during MD simulations after
docking.
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Figure 5.2.6: RMSD values of FGFR3 during MD simulations after docking.
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Figure 5.2.7: RMSD values of peptide inhibitor during MD simulations after

docking.

The last 30.7, 30.9, 31.1, 31.3 and 31.5 ns steps snapshots are recorded as PDB

for the SMD analysis. Snapshot of the 31.5 ns of the simulation is shown in (Figure

5.2.8).
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Figure 5.2.8: Conformation of peptide 5 (shown in orange) bound to R248C
mutated form of the FGFR3 after 31.5 ns MD simulation. Violet and red bond

representatives show residues 167-171 and residue 248 respectively.

PDB structures from MD simulations above are used for SMD simulations.
Velocity constant 0.00001 A/fs and force constant k = 7 pN / A is used during SMD

simulations for each recorded snapshot.

Simulations are done until work values are stabilized for each simulation.
Force and time step values are extracted from output files for each simulation by
normalizing force vector through pulling direction via Tk console at VMD.

From the obtained time step and force values work values are plotted by using
W = [ F vdt equation. Results obtained from 5 different SMD simulations are shown
in (Figure 5.2.9):
55


http://en.wikipedia.org/wiki/%C3%85

Chapter 5: Results

SMD work graphics of the pentapeptide inhibitor for different snapshots
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Figure 5.2.9: SMD work graphics of the peptide inhibitor from different
snapshots during 2.9 ns simulation. Here blue represents the snapshot at 30.7 ns, red
for the snapshot at 30.9 ns, cyan for the snapshot at 31.1 ns, green for the snapshot at

31.3 ns and magenta for the snapshot at the 31.5 ns.

As the receptor is at a closed form (Figure 5.2.8) at the beginning of the SMD
simulations with the AMBER force field, peptide pulling SMD simulations lasted 0.9
ns longer than the CHARMM 27 force field SMD simulations.

The five different work values obtained for each snapshot are used for free
energy calculations with Jarzynski identity, which is in the form of
exp (-BAG) = <exp (-BW) > . Results shown in (Figure 5.2.10):
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Free energy difference by Jarzynski Equation
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Figure 5.2.10: Free energy difference of the pentapeptide bound to the
receptor, calculated from 2.9 ns SMD simulation of the snapshots taken from 30.7,
30.9, 31.1, 31.3 and 31.5 ns of the NVT + NPT simulations.

The graph in (Figure 5.2.10) shows that, after 2.9 ns of SMD simulation,
average binding free energy is obtained as AF= -30 kcal/mol (at 2 ns), which indicates
that the pentapeptide inhibitor favors to bind targeted residues.

The energy difference between docking and SMD results is expectable. MD
uses all atomic interactions and the solvent effects during the simulation considering
the dynamic nature of the receptor and the ligand. Since Autodock only uses a stable
form of the receptor and a constant to represent water effects, such differences are

unavoidable.

SMD simulations with the AMBER force field are 0.9 ns longer than the
CHARMM 27 force field, because of the relatively closed form of the inhibitor. This

caused 5 kcal/mol energy difference due to interatomic interactions.

Since volume change during MD simulations is relatively small, obtained

binding energy value (AF) acceptably equals to Gibbs free energy (AG) of binding.
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5.3 MM-GBSA calculations:

In order to obtain experimentally correlated binding energy results, different
internal dielectric constants (1, 2 and 4) have been used in previous studies [44]. In
continuum models, value and precise physical meaning of the dilectric constant is

system dependent [44].

For the system in this study, internal dielectric constant is chosen as 2, as
Moreira et al. used internal dielectric constant binding free energy for non-polar

mutated residues [65].

Energy values are computed as described in the methods section. (Table 5.3.1)
shows the enthalpic contribution of the different parameters. Electrostatic contribution
is found effective as demonstrated from GB calculation, the vdW and electrostatic

contributions from the molecular mechanic calculations.

The internal energy and non polar contributions, composed of bond, angle and

dihedral energies are composing a small part of the enthalpy.
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Table 5.3.1: Binding free energy calculations from MM-GBSA analysis (all

values are kcal/mol)

Energy Term Energy (kcal/mol)
EeLe -88.40
Evow -38.97
Eee +Evow -127.37
GBsur -3.86
GB 97.51
GBror -33.73

ELE = electrostatic energy as calculated by the MM force field

VDW = van der Waals contribution from MM

GBSUR = nonpolar contribution to the solvation free energy calculated by an empirical model
GB = the electrostatic contribution to the solvation free energy calculated by GB

GBTOT = final estimated binding free energy calculated from the terms above

5.3.1 Entropy calculations:

The entropic effect of the solvent to the binding energy is estimated by the
continuum models. The entropic contributions come from rotational, translational

of freedom of solvent

and vibrational upon complex formation.

degrees
Translational and rotational degrees of freedom loss is calculated on statistical
mechanics basis and vibrational degree of freedom loss is calculated by using normal
mode analysis. Entropic terms are computed for all 177 snapshots between 15 ns and

24.5 ns. Results are shown in (Table 5.3.1.1):
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Table 5.3.1.1: Results of the entropic terms

Component Entropy (kcal/mol)
TStrA -14.08
TSroT -12.29

TSvis -0.03
TStor -26.4

TStra: Entropy comes from translational degree of freedom
TSrot : Entropy comes from rotational degree of freedom
TSvis : Entropy comes from vibrational degree of freedom

TS+ot: Total entropy

Entropy terms are mostly composed of translational and rotational components.

5.3.2 Binding Free Energy Analysis

The enthalpic and entropic terms are calculated with the following formula for

all 177 snapshots between 15 ns and 24.

A Guater = AEmm + A Geopvation- TA'S (Equation 5.3.2.1)

The total molecular mechanics and solvation energies are calculated in the
MM-GBSA results section. Entropic term is also added to (Table 5.3.2.1):

Additionally as seen in (Table 5.3.2.1), standard deviations given for each

component is converted to standard error by the formula:

SE, = — (Equation 5.3.2.2)

/n

Here, s represents standard deviation as 5.81 for GByor term and 18.88 for

TStot term; n is the number of the samples in all calculations as 177.
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Table 5.3.2.1: The maximum absolute error is found by adding both errors for
GBqot amd TStoT.

Component Energy (kcal/mol  Error (kcal/mol)
GBrot -33.73 0.44
-TStor 26.40 1.42
AGB -7.33 1.86

The results obtained from MM-GBSA and SMD calculations are not exactly
equal. Since MM-GBSA does not include protein relaxation and binding related
conformational changes, this destabilizing effect may cause different binding free

energy results than SMD simulations.

5.4  Steered Molecular Dynamics with CHARMM 27 Force Field for

Reference Peptide

To increase the membrane permeability and to prevent degradation, capping is
done as before. The RMSD of the complex is converged after being simulated during
19.47 ns NPT and 12.53 ns MD run. SMD simulations are conducted after the RMSD
of the system converged to an equilibrium state. After the 32 ns simulation, RMSD
values indicating a converged structure for the FGFR3 receptor is shown in (Figure
5.4.1).
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RMSD values of FGFR3
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Figure 5.4.1: RMSD values of FGFR3 during MD simulations after docking.

For the SMD analysis from the last 31.4, 31.55, 31.70, 31.85 and 32 ns steps’
snapshots are recorded as PDB.

PDB structures from MD simulations above are used for the SMD simulations.
Velocity constant is 0.00001 A/fs and force constant k =7 pN / A is used during SMD

simulations for each recorded snapshot.

Simulations are done until the work values are stabilized for each simulation.
Force and time step values are extracted from the output files for each simulation by
normalizing the force vector through the pulling direction via Tk console at VMD.

From the obtained time step and the force values work values are plotted by
using the W = [ F - V' dt equation. The results obtained from 5 different SMD

simulations are shown in (Figure 5.4.2):
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SMD work graphics of the reference peptide for different snapshots
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Figure 5.4.2: SMD work graphics of the reference peptide from different
snapshots during 2 ns simulation. Here blue represents the snapshot at 31.4 ns, red for
the snapshot at 31.55 ns, cyan for the snapshot at 31.70 ns, green for the snapshot at
31.85 ns and magenta for the snapshot at the 32 ns.

The five different work values obtained for each snapshot are used for free
energy calculations with the Jarzynski identity which is in the form of
exp (-BAG) = <exp (-pW) >. Results are shown in (Figure 5.4.3):

63



Chapter 5: Results

Free energy difference of the reference peptide by Jarzynski Equation
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Figure 5.4.3: Free energy difference of the reference pentapeptide bound to the
receptor, calculated from 2 ns SMD simulation of the snapshots taken from 31.4,
31.55, 31.70, 31.85 and 32 ns of the NVT + NPT simulations.

The graph in Figure 5.4.3 shows 2 ns of SMD simulation. The average binding
free energy is obtained around AF= -15 kcal/mol, which indicates that the reference

peptide does not favor to bind the receptor as much as the inhibitor peptide.

Comparing the reference peptide’s binding free energy with the peptide
inhibitor results, two times less binding free energy than the inhibitor peptide is
obtained. This shows that the new peptide (IYDMY) is a better inhibitor than the
reference peptide. In order to compare the results, inhibitor peptide’s and reference

peptide’s binding free energy graphics are shown in (Figure 5.4.4):
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SMD results of the reference and the inhibitor peptide
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Figure 5.4.4: Free energy difference of the reference pentapeptide with
CHARMM 27 force field (in black) and peptide inhibitor with CHARMM 27 force
field (in blue) and AMBER ff03 force field (in red).

Inhibitor peptide is SMD simulated with two different force fields as
CHARMM 27 and AMBER ff03, whose binding energies are -35 kcal/mol and -30
kcal/mol (in 2.5 ns simulation) respectively. Reference peptide is SMD simulated
only with the CHARMM 27 force field and -15 kcal/mol binding free energy is
obtained.
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Table 5.4.1: Comparison of the binding free energy results obtained from

different simulations for reference and inhibitor peptide (results are in kcal/mol)

Reference Peptide Inhibitor Peptide (I'YDMY)
Simulation Type (I'YDLY) Binding Energy |Binding Energy
SMD with CHARMM 27 force field -15 -35
SMD with AMBER ff03 force field Not done -30
GBSA with AMBER ff03 force field Not done -7.33

For inhibitor peptide, binding free energy results from SMD simulations are
relatively close. The difference may be because of the small structural differences
beginning of the peptide pulling experiments. GBSA result indicates lower binding,
probably due to inclusion of structural changes caused by the binding. Additionally,
recent work of Hou et al. showed that experimental correlation of the MM-GBSA

results are system dependent [66].

Previously reported articles showed that binding free energy calculations by
using Jarzynski equation with SMD simulations can result higher than experimental
results up to eight times [67-69]. The high values of SMD simulations may be because
of the unfavorable conformational changes occurred at proteins during SMD
simulations when pulling the ligand, non-optimal reaction coordinate for the ligand
binding or non-equibilirium effects of the receptor as it has flexible Ig domains during
the simulation. Even if there is a possible difference from the expected experimental
results, forces and free energies have the systematic deviations of the same size for
reference and the inhibitor peptide. Thus, it can be claimed that suggested
pentapeptide inhibitor has two fold better inhibition rate than the reference peptide

considering the binding free energy differences obtained from SMD simulations.

By observing the simulation trajectories carefully, two hydrogen bonds are
found effective in inhibitor peptide - receptor interaction caused by aspartic acid and

tyrosine residues of the inhibitor peptide. On the contrary, reference peptide does not
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have any significant hydrogen bonds with the receptor. Thus, low binding free energy

is obtained for the reference peptide in SMD simulations.

The pentapeptide sequence (HOOC-1YDMY-CHgs) used in this study has 28
rotatable bonds, 12 aromatic atoms. logP value is calculated via web server Marvels
Space [70] for weighted option, as 1.16, which is relatively hydrophobic, thus the
peptide directly has a permeation ability through the skin.
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6. CONCLUSION:

Seborrheic keratoses (SK), acanthosis nigricans (AN) and epidermal nevi (EN)
are dermatological diseases mostly caused by a R248C mutation of the FGFR3
receptor, which results in ligand independent signal transduction via cysteine bridge.
In order to overcome this high signal transduction seen in several dermatological
diseases, previously reported effective antibody’s receptor interacting sequence
(I'YDLY) is taken as basis.

The R248C mutated form of FGFR3 is MD simulated for the relaxed
conformation and then mutated pentapeptides are docked to the receptor. From
Autodock results, a pentapeptide (I'YDMY) is found to be a more effective inhibitor
compared to the 'YDLY sequence. To prevent degradation and the peptidase activity,
the found sequence is capped as HOOC-1YDMY-CHjs. The binding free energy of the
pentapeptide is calculated by SMD and MM-GBSA methods which have given potent
binding free energy. In order to have experimentally correlated binding free energy
results; equilibrium binding free energy methods, such as thermodynamic integration,
free energy perturbation and weighted histogram analysis method also should be
considered. Our results indicate that, binding free energy calculation with Jarzynski
equation is independent from choosing rather CHARMM 27 or AMBER force field

for bioorganic molecules (ff03).

Additionally the peptide sequence permanently interacts with dimerizing (167-
171) and mutated (248) residues of the FGFR3 receptor during MD simulations, which

will possibly result in selective inhibition of the mutated receptor only.

As the disease causing target receptor is involved in the skin, the found peptide
sequence has a high possibility for topical usage, in which peptidase and instability
problems are mostly avoided. Additionally, the membrane permeating peptide,

magainin can be used for increasing membrane permeation [10].
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8-APPENDIX 1:

The scoring function used in Autodock simulations defined by a semiempirical
free energy force field, which consists of the following evaluations:

AG= (VboundL—L - VunboundL—L) "'(VboundR—R - Vunbound R—R) +(Vbound RL_ Vunbound R-L) +AS
(Equation 8.1.1)

Here L stands for the ligand and R stands for the receptor. A G represents the
binding free energy, A S represents change in the entropy V represents the energy term
which includes a van der Waals term, a hydrogen bond term, an electrostatic term and

a desolvation term, normalized with constants.

Energy term used at (Equation 8.1.1) can be expressed as follows:

A. B, C; Dy
V :Wvdw L [rT;_r_g +thondZE(t) rTi_r_lfJJ
i,j L]

ij ij ij ij

9:4; (-r/25?)
+W LW, (S,)V, +(S,)V,)e" ™
elec;g(rij)rij sol( |) j ( J) |)

(Equation 8.1.2)

AS , the entropic term in the (Equation 8.1.1), defines the loss of entropy
coming from the torsional degrees of freedom resulted by complex formation. The
number of rotable bonds is defined by Nis, Which represents the entropic loss
contribution as follows in (Equation 8.1.3) [34]

=W,

conf

N

AS tors (Equation 813)

conf
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