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ABSTRACT

Analysis of protein dynamics uses structural and fluctuation based methods. Fluctua-
tion analysis of protein dynamics has proven to be a rewarding venue of research. Mass
and spring models are used in previous research commonly. However, fluctuations of this
models are based on purely harmonic which has significant gap between the experimental
results. Deviations from harmonicity mostly observe in slow, collective modes. Corrections
like anharmonic modal decomposition are first step in order to minimize this gap. The
contribution of the higher-order corrections is limited because of the interacting modes.
Mode-coupling corrections which yield valuable information on means of energy transfer
and allostery.

In this work, molecular dynamic results of Dictyostelium discoideum myosin I motor
domain is used as test ground. Mode fluctuation distributions produced using MD results,
fully harmonic models and a model with anharmonic corrections. Tensorial hermite poly-
nomials are used in order to obtain distributions of modal fluctuations. Fluctuations on
modal space are transformed back into real space and distribution of residual fluctuations is
compared using KL divergence. Analysis results for ligand-bound and free myosin dynam-
ics are used in order to demonstrate that the mode-coupling contributions alone highlight

functionally important sites.
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OZETCE

Protein dinamigi analizlerinde yapisal ve dalgalanma o6zellikleri kullanan metodlar uygu-
lanmaktadir. Dalgalanma analizi ¢aligmalarinin sonuclari buradan elde edilecek bilgilerin
iimit verici oldugunu gostermektedir. Bundan onceki ¢aligmalarda kiitle ve yay sistemleri
siklikla kullanilmaktadir. Ancak dalgalanma analizlerinde kullanilan modellerde sistemdeki
titresimlerim tamamen harmonik olmalar1 nedeniyle deneysel verilerle arasinda 6énemli bir
fark olugmaktadir. Harmonik davramstan farkliliklar daha cok yavasg ve kollektif mod-
larda meydana gelmektedir. Anharmonik mod ayrigimi yontemi bu fark: kapatabilecek
diizeltmelerin ilk agsamasidir. Daha yiiksek mertebeden diizeltmeler modlarin kendi ar-
alarinda olan etkilesimlerden dolay: limitlidir. Mode eslenimi diizeltmeleri ise enerji transferi
ve allosterik mekanizmaya yonelik onemli bilgiler icermektedir.

Bu galismada, molekiiler dinamik sonuglar1 Dictyostelium discoideuwm myosin II motor
yapisini bir test ortami olarak kabul edip incelenmistir. Mod dalgalanma dagilimlar1 MD
kullanilarak olusturulup, tamamen harmonik olan sistemlerin iizerine anharmonik diizeltmeler
yapilmasi amaciyla kullanilmistir. Hermite tensor polinomlar: ise mod dalgalanma dagilimlarinin
elde edilmesinde kullanilmigtir. Mod uzayindaki dalgalanmalar daha sonrasinda gercek uzay
koordinatlarina doniistiiriilliip KL metrigi ile kargilagtirilmigtir. Ligand bagl ve serbest pro-
tein durumlarima ait sonuclar mod giftlenmi etkisinin tekbagina proteinin iglevsel olarak

onemli kisimlarini gosterdigi gorilmiustiir.
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Chapter 1

INTRODUCTION

Proteins are the essential structures assembled from the amino acids which contains in-
formation about functionalities encoded in genes. Proteins performs different task in cell
like signalling, transport or structural support. Many proteins are enzymes that catalyse
biochemical reactions vital for organism. Proteins perform their tasks by working in co-
ordination with other macromolecules. In allosteric regulation, molecule binding a protein
at one site induces conformational change in protein structure. This transform creates a
significant changes on distant sites. Challenges in this problem are determination of the
active sites and the pathway of energy transfer to the distant sites.

Myosin is one of the allosteric protein which has complex cycle of states. Well accepted
model for myosin kinetic cycle is proposed by Lymn and Taylor [11]. Allosteric effect on
myosin reveal when hydrolysis of ATP and release of products occurs. Structural changes on
lever arm generates force for movement, which is essential for living organisms. Hydrolysis
and product release on ligand-binding pocket bring changes on distant sites of the protein.
This coordinated mechanism also cause acting binding on the other site of the myosin
head. In this thesis, myosin structure is chosen because of its allosteric mechanism and
experimental and computational evidence about its functions.

Fluctuation analysis of protein is promising technique in order to obtain valuable in-
sight about functional role of structural elements, prediction for the functional sites and

residues. Previous methods also perform successful intuition about protein functionalities.

These techniques based on mass-spring system models such as Gaussian (GNM) [2,23],elas-
tic (ENM) [73], or anisotropic (ANM) [1, 3] network model. These models suggest that
interactions between residues are harmonic motions [32] and ligand binding [11, 75] effects

are not considered directly. However, molecular dynamics studies reveal that fluctuations of

residues and modes are not harmonic. Such deviations from harmonicity are most observed
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in slow modes and collective modes.

Modal space analysis contains information of the driving motions of the protein which
are also essential for global mechanisms. However allosteric mechanisms cannot be explained
using this trend. Allostery can be explained in terms of mode-coupling of residues not only
by looking topological properties but also considering mode vibrational synchrony. Energy
transfer between modes also studied for hemoglobin [35,45]. Energy transfer pathways also
suggested using shortest paths and sequence of conserved residues [(7,71]. There are also
studies on multiple energy transfer pathways in which energy flows in alternative paths with
different quantities [13]. Recent studies on network properties indicates the importance of
clique residues [12,412,75]

Growing interest on modal analysis and energy transfer between residues motivate us in
order to explain phenomenons like allostery and ligand binding. Anharmonic modal decom-
position is the first correction on the fully harmonic system. There are also mode-coupling
corrections which yield valuable information about energy transfer during allosteric transi-
tion and functionally important sites of protein. Identifying interaction between different
modes believed to be the key to understanding allostery and possibly other mechanisms
of the proteins inner dynamics. Systematic mathematical analysis of the fluctuation data
was introduced in order to distinguish anharmonic and mode-coupling contributions to free
energy [34].

In this work, introductory information about protein structures and the structural anal-
ysis techniques presented in Chapter 2. In order to understand myosin structures is essential
to interpret results and point functionally important sites. Kinetic cycle of the myosin and
allosteric mechanisms explained based on Lymn and Taylor [11] in Chapter 3. Allosteric
mechanisms and proposed allosteric pathways in the literature given. Experimentally ver-
ified residues based on mutation experiment is also extracted from several sources. These
experimental results provide information about essential structural mechanisms and func-
tional sites.

Molecular dynamics simulation details and analysis of the trajectory outputs explained
in Chapter 4. Configuration of the simulation environment and the parameters that are
used during simulations explained. Structural stability is analysed using Ramachandran

plots and ligand binding regions are also shown.
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In Section 5 our approach in order to measuring residual contribution of mode-coupling
and anharmonicty effects explained. Analysis based on mode-coupling contribution of resid-
uals point that mode-coupling contributions alone highlight functional important sites of

the myosin.
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Chapter 2

PROTEIN STRUCTURE

Proteins evolve in nature in order to perform specific functions. The functional prop-
erty of proteins depends on their structures and dynamical properties. Three dimensional
structure of the proteins may arise different combinations of the amino acids in polypeptide
chains. Folding mechanisms of proteins are still unsolved question and researchers tries to
improve their knowledge on protein folding. Protein folding remains a problem because
there are twenty different amino acids that can be combined countless different ways. How-
ever, there are also similar protein structures which has different amino acids sequence.
Since three-dimensional structure of the proteins cannot be predicted successfully, these
structures divided into small units starting from amino acids.

Protein structures assumed to perform its functional shapes and conformations. First
protein structure organization is proposed by Kaj Ulrik Linderstrom-Lang in 1951 [38].
These organization contains four levels: primary, secondary, tertiary and quaternary struc-

tures.
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Primary structure
amino acid sequence

beta sheet

Secondary structure
regular sub-structures

hemoglobin

P13 protein

Tertiary structure
three-dimensional structure

Quaternary structure
complex of protein molecules

Figure 2.1: Four level of protein structure. [77]

Structural changes and other geometric aspect of protein is important to understand
conformational changes. Measuring various positional properties of protein helps to get in-
tuition about conformational changes. Distance between atoms and angles between residues

used in various methods.

2.1 Interatomic distances and bond angles

Positions of the atoms are given by (x,y,z) coordinates and distance measured in Cartesian
coordinates by Pythagorean calculation. If atom A has coordinates a = (az, ay, a,)” and

atom B has coordinates b = (b, by, b.)T, the distance between A and B is given by

d(A,B) = \/(az — b2)? + (ay — b)? + (az — b.)? (2.1)

Similar to this norm calculation can be formulated as
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la = bll = y/(a=b)"(a—b) (2.2)

Inner product of the normalized vectors v and v can be viewed as cosine of the angle

between these vectors. Angle between these vectors can be formulated as

cosf = wv) (2.3)

] [l

Considering atoms A and B connected with third atom called C. If vectors u and v

defined as u = a — ¢ and v = b — ¢, cosine of the bond angle

(a—)T(b—c)

v V=% (2.4)
la—c|[[b—c|

cosf =

Once these cosine values of this angles are calculated, inverse cosine of this angle gives

measurement of degree of bond angle.

2.1.1 Contact Map

A protein contact map represents the Euclidean distance between all pairs of residues. For
the two residue 7 and j contact map element C;; corresponding distance between C,, atoms.
Threshold for C, — C,, distances are selected mostly between 6-12A. If distance Cij less
than this threshold value contact map representation is equal to 1, otherwise represented

as 0.
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Figure 2.2: Difference of contact maps for binary version on the right and real distances
shown on the left.

Contact map provide more reduced representation of a protein structure than it is full

3-D cartesian space coordinates.

2.2 Dihedral Angles

Atoms in protein backbones contains a chain of atoms with same sequence. Distances
between this backbone atoms and bonds are almost equal. Consecutive atoms in the protein

backbone is N;_1Cy, ,Ci—1N;Cy,C;Ni+1Cy,, ,Cit1 also shown in Fig.2.3

i+1
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Figure 2.3: Protein backbone dihedral angles phi, psi, and omega [57]

Bond angles are determined by a sequence of three bonded atoms, but a dihedral angle is
defined by a sequence of four consecutive bonded atoms. Three consecutive atom represent
a plane and angles between these planes represent dihedral angles. Four consecutive atom
Ci—1N;C,,C; defines two planes that intersect in the line that coincide bond between N;C,,.
Angle between these two plane is referred to as the Phi (¢) angle associated with it residue.
Similarly consecutive backbone atoms like N;C,,C;N;11 defines two planes that intersect
in the line that coincide bond between C,,C; bond. The angle between these two plane is
referred as the Psi (1) angle associated with i*" residue. Another possible angle between
intersection of two plane with four consecutive atoms is Omega (w). This angle defines by

backbone atoms sequence Cq,CiN;11Cy,,

2.2.1 Ramachandran Plot

Dihedral angles change with the conformations of proteins. However, atoms cannot freely
move on backbone and there exist impossible conformations for atomic positions. Because
of the collisions, atoms can locate some allowed intervals. An observed combinations of Psi
and Phi angles ranging over values [—, 7] is represented in a 2D plot. This type of scatter
plot is called Ramachandran plot [74]. Ramachandran is the first person relate this scatter

plot and allowed regions with amino acids types for C, atoms in protein conformations.
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Psi (degrees)

J1B0 4135 90 45 0 45 90 135 180
Phi (degrees)

Figure 2.4: Ramachandran plot allowed regions. Different regions given with abbreviations.
A-Core alpha, a-Allowed alpha, a-Generous alpha, B-Core beta, b-Allowed beta, b-
Generous beta, L-Core left-handed alpha, 1-Allowed left-handed alpha, 1-Generous left-
handed alpha, p-Allowed epsilon, p-Generous epsilon

Allowed regions of ramachandran plot shown in Fig.2.4. This figure generated by using
dihedral angle values of more than 400 proteins and 120000 residues. The area originated
from the scattered residues and subdivided into 36 regions. Each region is coloured by
density of residues in these regions. Dark regions has highest density. Medium coloured
regions characterized as allowed regions and lighter regions are called generous regions.

Secondary structure of the proteins can also be predicted using ramachandran plots.
Ramachandran plots are also wrapped plots right to left and top to bottom because dihedral
angle values are the same at 0° and 360°.

Ramachandran plots also used in machine learning methods to predict secondary struc-
tures and stability of the proteins [10,72]. Amino acids apply probabilistic distribution on

psi-phi space. Protein designs based on this statistics to select appropriate amino acid.

2.3 Amino acids and Primary Sequence

The primary structures of a protein is exact sequence of amino acids. All of the 20 amino
acids have in common a central carbon atom (C,) to which attached a hydrogen atom,

an amino group (N Hs) and carboxyl group (COOH). Classification of the amino acids are
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shown in Fig.2.5. Their names abbreviated with both three letter and one letter are shown.

Sequence of genetic codes and hydrophobicity are also shown.

Figure 2.5: Amino acids are shown in table according to their structure, hydrophobicity,
genetic codes and additional groups. Three letter codes and one letter abbreviations are
also shown in this figure. [21]

Sequence of amino acids connected by peptide bonds generates a main chain or in other
words backbone chain. Amino acids joined end to end during protein synthesis. Peptide
bonds are formed while carboxyl group of one amino acid combines with the amino group

of the next.

2.4 Secondary Structure

The secondary structure is assigned based on hydrogen bonding patterns. There exist three
common secondary structures in proteins: « helices, 8 sheets and turns or bends. Some of

the proteins cannot be assigned any of these structures and they are called random coils.
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2.4.1 Alpha Helices

Helices are repetitive structure of a-carbons. Dihedral angles of these structures are same
for each residue along the helix. Helices can be defined number of residue per helical turn
(n), the rise per helical residue (d) and rise per full turn (p). Sign of n value corresponds

to turn of helix.

Figure 2.6: Human obesity protein Leptin contains 4 a-helices (PDB:1AX8) [¢1].

2.4.2 Beta Strand

Similar to alpha helices, beta strands are also secondary structures formed by hydrogen
bondings. In this structure consecutive amino acids interact with another distant consec-
utive amino acids. In this distant interaction hydrogen bonds contribute to the structure

and there can be two different orientation of the beta sheets: parallel and antiparallel.
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Figure 2.7: Structure of PDB:1VJN contains beta sheets

2.4.8 Loops

Another category of secondary structure is the loop. Loops are consecutive amino acids that
have no hydrogen interaction with other parts of the protein. Proteins containing loops have

stability problems and their conformation can stay stable by disulphide bridges.

Figure 2.8: Structure of Flavoridin (PDB:1FVL)
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Chapter 3

MYOSIN

Creatures can adapt themselves to dynamic environments and change their position and
orientation in order to access foods or avoiding from the possible threats. Thus, movement is
one of the most important property of living organisms. Various evolutionarily adaptation
techniques are utilized by creatures for the necessity of accessing food. Even plants can
change their position for their benefits and animals has muscular or more basic forms of the
force generating systems.

There exist three major class of molecular motor proteins: myosin, dynein and kinosin
[76]. Myosin is one of the molecule which is responsible from the movement. Myosin uses
chemical energy to perform motion. Hydrolyzation of ATP produces energy to act stroke
motion of myosin. Myosin plays essential roles in biological activities including muscle

contraction, cell movements, membrane transport and several essential signalling pathways.

3.1 Myosin Kinetic Cycle

Kinetic model for myosin is first proposed in 1971 by Lymn and Taylor [41]. Mechanism of
this process is shown Fig.3.1 as follow: ATP rapidly binds Actin-Myosin complex on ATPase
site, then myosin hydrolyses ATP in the absence of Actin. The binding of ATP induces
conformational change of myosin head and makes it dissociate from actin. After that,
ADP and phosphate are released and then recombines with actin. This transition produces
conformational change leading the stroke movement, which is called recovery stroke. ADP
and inorganic phosphate are formed and remain bonded to the head. This conformational
change produce recovery stroke. When the phosphate is released, conformational change
in lever arm occurs, which is called power stroke. Following state ADP dissociates and

chemical and mechanical cycle continues.
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AM+ATP * AML.ATP * AM.ADP.P; . *  AM.ADP+P, . > AM+ADP

|-

M.ATP =" M.ADP.P

Figure 3.1: Lymn-Taylor Cycle. In this representation A correspond to Actin, M for myosin.
Other ligands are ADP and ATP are also shown in different states and hydrolization also
produce inorganic phosphate (FP;).

3.2 Myosin Structure and Dynamics

There are 35 classes of myosin known, 13 of them appears in human body [09]. Myosin
molecule may have different structures distinguished by structural and functional features.
There exist one and two headed myosin molecules. Myosin I, Myosin III and Myosin XV
have one head. However, Myosin II and Myosin V have two heads with tails with different
length. In this work, Myosin II molecule is studied, which is also called conventional myosin
type and responsible for muscle contraction. PDB structures explained in this section

specific for Dictyostelium discoideum myosin II motor domain.
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Figure 3.2: Myosin family of motor proteins. Most of the myosin proteins have two head
domain. Light chains are also part of the myosin connecting head domain and tail [31]

Myosin is composed of two chain: heavy and light chains. Myosin heavy chain consist
of three domains, which are head domain, hinge region and tail domain. Head domain
responsible from binding actin filament and ATP molecule. Hinge region binds to myosin
light chains and functions as a lever arm. Heavy chain varies for different myosin structures
and fulfil different mechanisms.

Myosin II has a short lever arm with two light chains. Myosin tails can also be stacked
together to form a large complex. Each light chain weights about 20 kDa and head has
a molecular weight of 95 kDa. The globular head, which forms the actin binding site and
ATPase site, has three different regions. Secondary structure of head contains alpha-helices
which holds the head region together. Light chain wrapped around the heavy chain and
stabilized by a hydrophobic residues and also has the site of phosphorylation by myosin
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light chain kinase. Heavy chain has the actin binding site and also ligand binding site. This

area centered around seven-stranded beta sheet which places the actin [55].

Figure 3.3: Part of the myosin structure, atoms in the heavy chain are coloured red on the
left-hand side, and atoms in the light chains are coloured orange and yellow.

All myosin structures consist of four subdomains these are N terminal subdomain, upper
50 kDa subdomain (U50), lower 50 kDa subdomain (L50) and converter. These subdomain
are connected by four ellastic joints which are called relay helix, strut, SH1 helix and switch

IT of ligand binding site [27,82].

Myopathy loop

pocket

Figure 3.4: Structural domains of Myosin II protein with PDB code 1VOM.
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Structural components of Myosin II exist in similar locations on different PDB files.
These components are Switches, P-loop relay helix and loop, converter domain and Strut.
Aminoacid types and alignments may change, but structure index couples are: switch I (233-
238), switch II (454-459), p-loop (179-186), relay helix and relay loop (466-518), converter
domain (710-747) and strut (590-593) [30]. In this work different states of Myosin ,all in
common contains converter domain and ligand binding sites, corresponding to the head

structure of Myosin.

3.3 Allosteric Mechanism

Conformational transitions have an important role for protein function. These conforma-
tional transitions occur via allosteric messaging through pathway of residues. Allosteric
communication describes the mechanism of conformational changes via signal detection in
one side of protein and influences to the distant sites.

Most known example of the allosteric mechanism occurs in Hemoglobin protein. Oxygen
binding generates conformational changes between two equilibrium states of the Hemoglobin.
These two states, tense and relaxed, characterized by their affinities for oxygen [33].

Allosteric mechanisms are first studied as MWC [14] and KNF [37] models. These models
try to explain allosteric mechanism by using transition between known end states. Bounded
states are less likely to interact with ligands. These two models differ in their assumption
about interactions and states of the protein. There are also alternative approaches that
claim multiple pathways for allostery. These multiple pathways exist between perturbation
and the substrate binding sites [13].

MWC model claims that there exists different interconvertible states in the absence of
regulators. Proteins change their conformations from one state to another by binding ligand
to a site that is different from the active site [14].

In KNF model, allosteric change in one subunit does not necessarily change other sub-
units. Ligand binding by induced fit changes conformation, but this change does not prop-
agated to other subunits, adjacent subunits affinity to substrate is changes [37].

ATP hydrolysis is an important reaction in which energy stored on chemical bond of
phosphate releases to produce work. ATP hydrolyses to ADP and inorganic phosphate and

energy stored in bonds are released. Chemical representations of ADP and ATP shown in
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Fig.3.5.
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Figure 3.5: Essential macromolecules used in kinetic cycle of myosin.

3.4 DMyosin States

Kinetic cycle states of the myosin known from the dynamical models and experimental

techniques. There are appropriate structures known for corresponding states. Protein Data

Bank (PDB) structures for these proteins are contains information about different states

of the myosin. These structural characteristics either obtained X-Ray Crystallography
NMR (Nuclear Magnetic Resonance) methods.

or

In this work three major conformation states of the Myosin II are examined. These

structures are classified by structural properties like their ligand binding states and sub-

domain positions relatively each other in kinetic cycle. These conformations are pre-stroke

which is also called transition state, near-rigor and post-rigor states.
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Figure 3.6: Transitions between myosin states. Transition properties and conformations of
states are shown in figure. Two of these conformations are in attached to actin and other
states detached. PDB structure of these states also shown in middle with given PDB codes.
PDB structure 1VOM is in pre-powerstroke stage. ADP and inorganic phosphate release
leads to rigor state. Between the rigor stage and pro-power stroke there exist near rigor
conformation IMMA. ATP bound to actin myosin complex cause disassociation from actin
and this state is called pre-recovery and corresponding PDB is 1IFMW.

In myosin kinetic cycle shown in Fig.3.6, four conformational state describe Actin-Myosin
interaction and ligand binding states. Two of the states are attached states where myosin
head interact with actin molecule. In rigor state myosin molecule interacts with actin until
ATP molecule binds myosin head. Rigor disassociation takes 1-10 millisecond and myosin
detached from actin. Major structural changes occur in the orientation of the lever arm.
In post-rigor or pre-recovery state myosin and ATP complex creates recovery stroke and
reach post-recovery state, where ATP hydrolysis starts. Hydrolysis of ATP into ADP and

inorganic phosphate takes about 10 millisecond. In pre-power stroke state myosin head at-
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tached with actin and power-stroke occur when ADP and inorganic phosphate disassociate.
Power stroke leads system back to the rigor state.

Myosin kinetic cycle generates repetitive motion. During this cycle of the motion struc-
tural changes occur in every step. Transition between steps can also be explained these
structural changes and points functionally important sites of Myosin. Table 3.1 summarize
some of the important structure and transitions between states. Mechanism of myosin do-
mains and important transitions explained to draw more clear picture. Each state has its

own functional sites and transition of these sites leads overall dynamics for given state.

Table 3.1: Structural characteristics and conformational states of studied Myosin proteins.
Data in the table partially used from [30]

State PDB Code Ligand Switch I Switch IT P-loop Lever Arm Strut
233-238 454-459 179-186 710-747 590-593
Post-rigor 1IFMW ATP, Mg*t? Closed Open Down Down Open
Pre-powerstroke 1VOM ADP, Mg Closed Closed Down Up Open
. 1Q5G None Open Closed Up Down Closed
Near-rigor y 19
1IMMA ADP, Mg Closed Open Up Down Open

Structural changes of myosin cannot be monitored during kinetic cycle. Because of
this, transition between different states are estimated by experimental results and theo-
retic analysis. Initial and final states during transitions are known from crystallography
results. Analysis of transition between kinetic cycle stages of myosin based on existing
crystal structures. Pre-power stroke state (PDB:1VOM) is weakly bound state that oc-
curs after hydrolysis [05]. Near-rigor state (PDB:1MMA) is proposed as a weakly bound
to ligand that occurs shortly after detaching from actin [22]. Following the IMMA state
inorganic phosphate and ADP released and this will generate rapid binding to acting. This
state is called rigor state. Rigor state is followed by ATP binding and system transforms
into pre-recovery state (PDB:1FMW). After pre-recovery state recovery stroke generated
and myosin reaches post-recovery stage, which is followed by ATP hydrolysis.

Classification of the states can be achieved by different ways. Ligand bound-unbound
states is one of the classification. In the bound conformation catalytic site is active and
switch I and II bound with the ligand. Another way of classifying stages is open/close states
of switch I and II of the ligand-binding pocket.

Transition between pre-power stroke and rigor state explained by ligand-binding pocket
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structures. Different models point same structures in different order, but role of switch I,
switch II and P-loop is essential for cleft opening and ADP release. The major differance
between C/C and C/O states corresponding to 1IVOM and 1IMMA states comparison with
respect to the switch II position is in the movement of the switch II away from the ligand.
During this transition very little change on Switch I is observed. This change on switch I

linked to change on other structures including P-loop, N terminal and converter domain [33].

Figure 3.7: Ligand binding domain of Myosin (PDB:1VOM)

Inorganic phosphate release disrupts the hydrogen bond between switch 1T and vy-phosphate,
which allow switch IT to open, leading ADP release. Switch II contains conserved Gly-457
which has hydrogen bond with ~-phosphate in the closed from. Loss of inorganic phosphate
broke this bond in the open state and leads ADP release and generate swing motion of the
lever arm. Switch II change also moves relay helix and this cause a significant transition on
lever arm during the force generation and formation of a tightly bound state of the rigor
conformation [13,50].

Release of the inorganic phosphate and ADP lead myosin head to bind actin with high
affinity. Cleft closure changes switch I and ligand-binding pocket opens. Myopath loops
has hydrophobic residues, which is essential for the actin binding. Deletion and mutation

experiments resulted lose of functionality myosin for acting binding. Loops in myosin II join



Chapter 3: Myosin 22

large domains of the protein. The actin binding sites contain loop 2 structure which has
an important role in regulating ligand release and actin affinity [17]. Actin binding creates
rapid conformational changes and loop 2 rearranges its conformation [638]. Surface loops
importance experimentally verified and interaction between loop 2 and negatively charged
part of the actin [66]. Loop 2 cooperatively perform actin binding with the other surface
loops and most likely to create actin binding interface that function triggering phosphate
release [09]. A bent at the distal end of the long helix between residues 411-440 drives
myopathy loop to bind to the surface of actin. Actin binding twists a large beta-sheet that
forms myosin motor domain backbone. This twist changes relationship between switch I,

swith IT and P-loop in order to release of the ADP and P; permanently [17,13].

Myopathy loop

Figure 3.8: Important structural element effective ADP and P; release

Conformational change between ATP and ADP bound states start with presence of the
single phosphate group [76]. Detection of phosphate group is evident for the existence of

~-phosphate sensor. ATP hydrolysis requires interaction between switch IT and ~-phosphate
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that lead to closure of the y-phosphate pocket, which prevents inorganic phosphate release
after hydrolysis [29,56]. Switch II is also coupled with both relay and SH1 helices during
recovery stroke. Because of this coupling see-saw like motion rotation of the converter
domain controlled. Localized motion around ligand-binding pocket, in particular, switch II
loop observed stepwise displacement. Coupling with relay helix and SH1 helix generates
rotation on the converter domain [36]. These transitions leads switch II loop closure and

protein structure form in post-recovery stage.

3.5 Energy Pathway

Allosteric communication pathways are significant to understand biological significance of

protein dynamics. In order to understand this pathways there are several methods suggested

in literature. These methods are using evolutionarily constraint residues [71], shortest paths
on graph networks [13,71], mode analysis [14, (4, 70], hinge residues [$2] and Molecular
Dynamic simulations [$0]. Experimental information of allostery commonly determined by

personal structural intuitions based on available biochemical and functional data.

Previous results for energy pathways are organized in this chapter and our results will
reference these results later on. Allosteric communication of Myosin II supposed to start
from ATP binding site to the beginning of the lever arm. Different states on kinetic cycle
of Myosin has different energy transfer pathways. Flexibility of switch I in near-rigor state
observed and U50 subdomain rotates while U50-L50 cleft closes slightly.

Clue about communication pathway of residues are obtained by Zheng and Brooks [82].
In this work normal mode analysis and hinge residue detection used in order to determine
essential residues on Myosin energy pathways.

Highly connected and correlated hinge residues are computed and sorted. These residues
are distributed over several domain and structures. These residues and domains are orga-
nized and shown in Table 3.2. Information in the table is generated by DynDom [25] software

and explained in work of Zheng and Brooks [32].
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Table 3.2: Domain of correlations and hinge residues of the Myosin structure (PDB:1VOM).
Residues marked by asteriks(*) are essential residues in domain correlation.

‘ Domains of correlation ‘ Subdomains and Joints

Hinge Residues ‘

Switch I 233%*, 231, 232*
Ligand-binding site Switch IT 461%*, 463
P-loop 182*
Actin-binding site Strut 573*, 574*, 575*, 586*, 587*, 589, 590*, 591, 629
Converter - T42%
Relay Helix - 481, 483*, 484, 485, 486, 487*, 488* 489, 490*, 491, 493*,
494, 499, 500, 501, 502, 503, 504, 505, 506*, 508, 509%, 510%
SH1 Helix - 674, 675%, 680*, 682*, 683*, 686, 687, 688, 689*, 691, 692,
693*, 695

In study of Zheng and Brooks [32], residues with high connectivity of myosin (PDB:1VOM)
listed in descending order. Some of these residues are: 693, 121, 689, 485, 505, 490, 508,
494, 692, 742, 231, 695, 591, 502, 739, 688, 506, 120, 691, 662, 503, 747, 660, 488, 272, 509,
234, 483, 683, 493, 420, 97, 487, 182, 486, 499, 500, 587, 484, 590, 489, 504, 629, 674, 266,
686, 233, 573, 432, 501, 651, 259, 122, 98, 687, 680, 574, 682, 158, 194, 262, 481, 491, 650,
675, 745, 586, 589, 216, 463, 510, 461 and 232. Structural representation of these residues

are shown in Fig.3.9.
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Figure 3.9: Identified hinge residues in 1VOM shown in figure. Color blue and red corre-
sponds to low and high connectivity of correlation values [32].

Another approach to determine allosteric communication is suggested in work of Tang
and Liao [71]. In this study, pathway of residues that mediate allosteric communication pre-
dicted using only a combination of distance constraints and evolutionary data. They claim
that allosteric communication starts from ATP catalytic site and destination is identified
as a region corresponding to the beginning of the lever arm.

Surface residues are rated with high path efficiency metric, which is calculated by dis-
tance between start and end points divided by the sum of path conservation weights. Short-
est path calculation is carried on pre-stroke myosin II proteins and important residues are
listed with high path efficiency metric. Most of these residuals are located at the beginning
of the lever arm. These residuals are 492, 496, 498, 500, 504, 693, 695, 738, 739, 741, 742
and 743 for IVOM. Residues 492, 496 and 498 are part of the relay helix. Residue 742
selected as path endpoint because it had the highest score. In Fig. 3.10, top 25 high scoring

residues of 1VOM shown. A green star indicates the origin of the signal propagation site.
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Figure 3.10: Pathway of surface residues with high potential of allosteric coupling. Essential
residuals with top 25 score is shown and green star indicates origin of the allosteric messaging
in the ATPase site [71].

Allosteric pathways are different for each state of the Myosin II, because of the ligand
binding sites, interaction and conformations. Shortest paths in pre-stroke structure (1IVOM)
have multiple alternative paths before residue 482, which also supports multiple allosteric
path hypothesis [13]. One option is to jump switch II residue 457 and then followed by
residue 458. The other option is to traverse residue 181 in the P-loop followed by residue
458.

Allosteric path also calculated for port-rigor configuration (IMMA), which starts in the
P-loop residue 186 and propagates through switch I residues 237 and 238, switch II residues
471 and 475, SH1 and SH2 residues between 670-700 and arrives residue 742.
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Path network from catalytic site to lever arm
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Figure 3.11: Pathway of residues resulted in the work of Tang and Liao for different con-
formations of Myosin.

3.6 Experimentally Verified Results

Coordination between the ligand binding domain and the converter domain of myosin is
essential for its motor activities. Communication between these two distant region is open
problem and there are different techniques suggested in literature. Experimental evidence
of these finding also suggests two different hypothesis. One is through the interaction
between the relay helix and the converter [15]. Experimental finding about this hypothesis
test disruption of a hydrophobic linkage between 1499 in the relay helix and converter
region [62]. Other hypothesis suggest interaction between the relay helix and the SH1-SH2
helix [28]. There are also other experimental studies show significant interactions explain
in this section.

Coupling between chemical reactions and conformational changes is crucial. Experimen-
tal techniques are the most informative way to determine functional importance of residues
for the protein dynamics. However, these techniques are time-consuming and expensive.
Mutations on the genes resulted different amino acid sequences for the protein [60]. These
changes may effect proteins dynamics significantly. Experimental information are used in

literature to validate computational results acquired [12].
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Table 3.3: Mutation sites experimentally tested and list of observed residues which is es-
sential for protein dynamic. In this table mutation experiment results for Dictyostelium
discoideum myosin II motor domain (PDB:1VOM) is collected.

Mutation sites Reference
Glu-459, Asn-464, Glu-746, Asn-475, Cys-470, Phe-481, Asn-472, Tyr-473 | |
Glu-467, Gly-624, Gly-680, Gly-691, Tyr-494, Trp-501, Glu-586, Gly-740 | |
Asp-454, Gly-457, Phe-458, Glu-459 [
Phe-487, Phe-506, Trp-501 [
Glu-531, Pro-536, Arg-562 [
Ans-233, Ser-237, Arg-238 [6:

[

[

[

[

[

Asp-403, Val-405 :
Gly-680, Gly-691 50
Phe-482, Gly-680 32
Tle-499, Phe-692 2

Ser-236

Figure 3.12: Essential residues extracted from experimental analysis are represented as
spheres.
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Chapter 4

SIMULATIONS

In field of protein dynamics, molecular dynamics simulations are essential to capture
vibrations within protein and conformational changes. In order to obtain this information,
molecular dynamic (MD) simulations made for Myosin II on different states of kinetic cycle.

Side chain motions of Myosin play essential role to understand dynamics of protein.
Examination of the imaging techniques do not reveal any path related to the allosteric
mechanisms.

All molecular dynamics simulations used in this work were performed using NAMD 2.7
software package [52] with CHARMMZ27 force field [3] in explicit solvent (water) at 310 K.
Simulations were performed using Langevin dynamics to control temperature and pressure
for an N,P,T ensemble. Waterbox with cushion 154 and periodic boundary conditions were
applied. Timesteps of the simulations were selected small to capture motion of the protein
both in slow and fast frequencies. A time step 1 fs was used and both non-bonded and
electrostatic forces were evaluated and no rigid bonds were used. Trajectories of motions
are captured every 50 fs. Trajectory files are large to display using VMD [30] and working
with because of the memory needs. In order to overcome this problem Carma software [19]

used to reduce trajectory file sizes by removing atom other than backbone atoms.

4.0.1 1FMW

Structure of Myosin II in post-rigor state is captured by X-ray crystallography methods.
PDB code of this molecule is IFMW [5]. In this state Myosin head is detached from the
actin and followed by pre-recovery stroke. Hydrolises of MgATP converts energy into direct

movement.
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Figure 4.1: 1FMW: Crystal structure of the MgATP complex for the motor domain of

Myosin IT

Stability of 1TFMW is also high. All residuals placed in allowed regions in ramachandran

plots and 95.6 percentage of all residuals located in favoured regions and there is no outliers

exists [11].
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Ramachandran plot of the IFMW protein

Interactions between protein residues and Ligands shown in Fig.4.3. These interaction

also reveal active sites and binding regions. Interaction with M g+ is ionic and there are also
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hydrogen bonds exists with Asn127, Tyr135, Ser181, Gly182, Lys185 and Asn233. There are
also van-der-waals bond exists in residues Ile115, Pro128, Lys130, Alal83, Gly184, Thr186,
Glul87, Ser236 and Ser237.
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Figure 4.3: Interactions between 1IFMW and Ligands. Interaction on residues shown in
yellow color represents van-der-waals bonds and red ones represents hydrogen bonds [78].

This PDB file contains protein with 738 residue. In this state of Myosin II ligands also
placed in PDB file, which are ATP and Mg¢*2. Simulation of 1IFMW takes 2.15 ns and
43000 frame available in trajectory file. Last 30000 frame are considered as equilibrium and

only those motions are used in this study. RMSD of 1IFMW is shown in Fig.4.4.
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Figure 4.4: RMSD of the IFMW protein

4.0.2 1VOM

Pre-power stroke state of the Myosin II is represented by protein structure with PDB code
1VOM [65]. In pre-power stroke conformation of Myosin motor domain which contain
MgADP complex. In this state myosin weakly bound to actin occurs after hydrolysis.
Furthermore, vanadate structure (O4V) in 1IVOM is a model for the transition state of

ATP hydrolysis and used in order to provide appropriate crystallization.
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Figure 4.5: 1VOM: Crystal structure of the MgADP complex for the motor domain of
Myosin IT

Stability of 1IVOM structure is calculated using MolProbity servers [11]. There exist one

outlier residue Asp733. However all other residues are located in allowed regions and 96.8

percent of residues are located in favoured regions.
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Figure 4.6: Ramachandran plot of the 1VOM protein

Interactions between protein residues and Ligands shown in Fig.4.7. These interaction
also reveal active sites and binding regions. Interaction with O,V is covalent and Mg*? is

ionic. There are also hydrogen bonds exists with Asn127, Tyr135, Gly182, Gly184, Lys185
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and Asn233. There are also van-der-waals bond exists in residues Pro128, Phel29, Lys130,
Alal83, Thrl86.
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Figure 4.7: Interactions between 1VOM and Ligands. Interaction on residues shown in
yellow color represents van-der-waals bonds and red ones represents hydrogen bonds [75].

This PDB file contains protein with 730 residue. In this state of Myosin II ligands also
placed in PDB file, which are ADP and Mg¢*2. Simulation of 1ZVOM takes 2.15 ns and
43000 frame available in trajectory file. Last 30000 frame are considered as equilibrium and

only those motions are used in this study. RMSD of 1VOM is shown in Fig.4.8.
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Figure 4.8: RMSD of the 1VOM protein

1VOM longer simulation

In this simulation 23.65 ns simulation made with 5000fs intervals. This simulation continue
using snaphot after 2.1 ns simulation. There exist 4730 frame exist and last 4000 frame

considered as equilibrium and only those frames used in this study.
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Figure 4.9: RMSD of the 20 ns 1VOM simulation

1VOM without ligand

In this special case, effect of the ligand on protein dynamics are seek. PDB structure of
1VOM is used in this simulations without using Ligands. ADP and magnesium ion are
removed from the PDB file. This PDB file contains protein structure same as 1VOM.
Simulation of 1ZVOM without ligand takes 2.1 ns and 42000 frame available in trajectory
file. Last 30000 frame are considered as equilibrium and only those motions are used in this

study. RMSD of 1VOM without ligand is shown in Fig.4.10.
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Figure 4.10: RMSD of the 1VOM protein when ligands are removed from the system

In this structure system is not in equilibrium state. Absence of ligands drive motion of

the protein to different state.

4.0.3 1MMA

Post-rigor state of the Myosin II is represented by protein structure with PDB code IMMA
[22]. Conformation of myosin in IMMA structure contains Mg*? and ADP as ligand which
are generated after ATP hydrolysis. During power stroke ADP and inorganic phosphate

leave and reached attached rigor state.
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Figure 4.11: 1IMMA: Crystal structure of the MgADP complex for the motor domain of
Myosin II in post-rigor state

Stability of IMMA structure is calculated using MolProbity servers [11]. There exist
16 outliers these residues are Asp69, Asp86, Ala363, Thr373, Asn410, Phe535, Pro536,
Thr688, Gly691, Phe692, Pro693, Asn694, Tyr698, Glu735, Lys743 and Arg753. However

97.7 percent of residues are located in allowed regions and 89.3 percent of residues are

located in favoured regions.
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Figure 4.12: Ramachandran plot of the IMMA protein

Interactions between protein residues and Ligands shown in Fig.4.13. These interaction
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also reveal active sites and binding regions. Interaction with Mg*? is ionic and GlulS87 is
electrostatic. There are also hydrogen bonds exists with Asn127, Tyr135, Gly182, Gly184,
Lys185 and Asn233. There are also van-der-waals bond exists in residues Pro128, Phel29,
Lys130, Alal83.

Thr 186{A) o

Figure 4.13: Interactions between 1IMMA and Ligands. Interaction on residues shown in
yellow color represents van-der-waals bonds and red ones represents hydrogen bonds [78].

This PDB file contains protein with 719 residue. In this state of Myosin II ligands also
placed in PDB file, which are ADP and Mg*2. Simulation of IMMA takes 0.7 ns and 14500
frame available in trajectory file. Last 10000 frame are considered as equilibrium and only

those motions are used in this study. RMSD of 1IMMA is shown in Fig.4.14.
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Figure 4.14: RMSD of the IMMA protein

4.0.4 1Q5G

Conformatonal model for near-rigor state of Myosin II is theoretically suggested [76]. De-
spite of theoretical nature, structural properties are studied and simulations also support
information about this conformation. This structure offered as a state between 1VOM and

1IFMW.
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Figure 4.15: 1Q5G: Theoretically produced structure of Myosin II in near-rigor state

Stability of 1Q5G structure is calculated using MolProbity servers [11]. There exist 8
outliers these residues are Asp23, Phe25, Thr28, Gly67, Ala205, Arg620, Ala621 and Lys622.

However 99 percent of residues are located in allowed regions and 95.8 percent of residues

are located in favoured regions.
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Figure 4.16: Ramachandran plot of the 1Q5G protein
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This PDB file contains protein with 770 residue. In this state of Myosin II theoretically
suggested. Simulation of 1Q5G takes 1.23 ns and 24500 frame available in trajectory file.
Last 20000 frame are considered as equilibrium and only those motions are used in this

study. RMSD of 1Q5G is shown in Fig.4.17.
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Figure 4.17: RMSD of the 1Q5G protein
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Chapter 5

DETECTION OF FUNCTIONALLY IMPORTANT SITES

Fluctuations of the residuals reveal essential information about structural properties and
functional sites of protein. Protein dynamics analysis based on fluctuations of residues are
promising method and have growing interest in protein physics [24,53]. Proteins simply
modelled as mass and spring systems in elastic network models (ENMs) which has inde-
pendent harmonic modes of fluctuations [2]. Protein dynamics more complex and believed
that anharmonic and mode-coupling interaction relevant for the information tranfer through
protein which cannot be captured by harmonic models [10,16].

Modal decomposition of modes reveal relations between modes and functions. Slow
modes known as mostly anharmonic and fast modes contributes energy exchange [26, 79].
Vibrational energy transfer through mode-coupling studied for specific modes before [15].
Systematic analysis for energy transfer between modes are still open question. Mode-
coupling occurs between two modes for a short period of time and one mode driver the
other mode and creates conformational changes important for understanding allostery [24].

In this paper, we present a systematic way of representing mode-coupling and anhar-
monic contributions of residues. Hermite expansion of modal fluctuations is used in order
to generate anharmonic corrections on purely harmonic model. These distributions are
compared with molecular dynamic results of residue fluctuations. Result shows that mode-

coupling effect dominant on functionally important residues.

5.1 Hermite Expansion

Molecular dynamics trajectory contains coordinates of the atoms and these atoms deviates
from their mean coordinates within time. Fluctuations of residue coordinates defines a mul-
tivariate probability distribution function f(AR). Deviation from mean position represents
as AR, = R; — R?, 1 =1,...,3N. In coarse grained representation IV corresponds to number

of alpha carbons. R;, R;+n and R;ion correspond to displacements of residue ¢ on x,y,z



Chapter 5: Detection of functionally important sites 44

coordinated. Transformation from space coordinates to modal coordinates applied using
covariance matrix I' = <ARART>.

—-1/2

Ar = (ARAR") /" AR (5.1)

Tensorial expansion for the probability distribution function represented as orthogo-
nal basis with hermite polynomials [34]. Probability distributions of residue fluctuations

represented as

f(Ar) = e~ 2i Ar? /2 14 Z Z ' Hy(Ars)) Hy (Ar)
(27l') i v=3 v:
+ZZ Z( ) W(AT)H, oy (Arj)) Hy(Ar) Hy (D) + 3 0]
#iv=s” itk
(5.2)

where (.) denotes time average evaluated over molecular dynamics data. The first term
in Eq. 5.2 corresponds to a harmonic contribution term given by the Gaussian probability
distribution and called fy in our study. This harmonic model is the basis of the many

protein fluctuation models [1,2,79].

fo(Ar) = (2171')N€_ XiArg/2 (5.3)

Anharmonic model which is also called f; model represented by contribution of decoupled
modes to fp harmonic model. Second term of this function is corresponds to anharmonic
terms and gives no information about mode couplings. The general form of the mode-

amplitude distributions composed of using harmonic effects and decoupled modes are

fi(Ar) = ;e—zi&fﬂ
(2m)N
X H +ZZ H,(Ary)) Hy(Ary)] (5.4)
R ZE 3

The difference between the MD results pdf and the approximations f; model is the
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mode-coupling which is given equations Eq.5.2 and Eq.5.4. Hermite polynomials degree
important in this case and empirical observation shows that 32 is appropriate degree and
used in our further analysis. Effect of the hermite degree can be seen in Fig.5.1. Further
corrections can be applied to model f; in order to cover mode-coupling corrections at the

lowest order they appear while ignoring cubic and other higher order terms [34].

08 T T T T T
— MD

—Hermite Degree 8 |
Hermite Degree 16
——Hermite Degree 32

0.7

0.6

0.5+ -

0.3

Frequency

0.2

01r

-0.1 0

Figure 5.1: Different hermite degree orders compared with MD data.

5.2 Mode-coupling and anharmonicity effects

The probability distributions of residue fluctuations obtained by the Hermite series ex-
pansion. Purely harmonic model (fp) and model with the anharmonic corrections (f1) is
compared with the molecular dynamic results. Distributions of displacement on real space
are compared using KL distance. MD- f; difference reveals mode-coupling contributions and
differ from fi-fy difference on the functionally important sites.

It is important to emphasize that distribution compared using KL metric is the distribu-
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tion of the fluctuations in real space. Modal space coordinates transformed into real space
coordinates using inverse gamma matrix that is used to transform MD trajectory data into
modal space as explained in Appendix A. This production does not affect properties of the
distributions. Linear combinations of the values remain applying same distribution.

Our process starts with the production of the fy model samples. These set contains sam-
ples taken space of the modal coordinates. Each sample taken from this set with elements
selected from normal distribution.

Samples taken from f; distribution by using rejection sampling [7]. Rejection sampling
based on selecting random samples from uniform distribution or other distributions with
known density function. Samples within curve distributed uniformly after rejecting samples
outside of the curve. In our study random samples taken from normal distribution. Height
of this gaussian curve update is the sample point from unknown distribution remain upper

from the gaussian curve. Gaussian curve selected in order to cover all sample points below.

5.3 Distributional differences

Difference between distributions are measured by using Kullback-Leibler (KL) divergence
[39]. KL divergence is a non-symmetric measure for comparing two probability distributions.
Information gain or relative entropy for given distributions P represents real distribution
data and @) represents model distribution. For probability distributions of discrete random

variables P and ), KL divergence are expressed as

P()

Q(i)

Dicr (P11Q) =3 _ P(i)in (5.5)
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Figure 5.2: Distributional differences of residues which has large KL divergence between
MD and f; distributions. Sample points from fy and f; distributions and MD data are
plotted for x,y,z displacements AR; for each frame or sample configuration.

Samples from fp, fi and MD samples for each set in AR are considered as random
variables from unknown probability density functions. Estimation of probability density
functions are possible using kernel density estimation (KDE) [19,58]. In statistics, KDE is
known to be a non-parametric estimation technique for probability density function (pdf)
of a random variable. KDE is useful for making inference about population using finite
number of data sample. Samples from distribution f with unknown distribution are used

to calculate estimated probability distribution f as

i) = nthK (5% (5:)

where K is the kernel and h is the smoothing parameter which is also called bandwidth.
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Kernel function selected as Gaussian function in order to use practical estimation of the
bandwidth [6].
455 1/5
h = <U> ~ 1.066n 1/ (5.7)

3n

0 where & is the standard deviation of the n sample points. Sample distributions on real
space shown in Fig 5.3. Comparison between this distributions measured by KL-divergence
for each axis. Overall KL score is generated by taking L1 distance in other words summing

distances of each axis.
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Figure 5.3: KL divergences between different distributions. Yellow regions point functionally
important sites p-loop, switch I, myopathy loop, switch II, relay helix and loop 2
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5.4 Functional sites of Myosin

Mode-coupling contribution on protein dynamics revealed from the differences between dis-
tributions MD and f;. Significant differences point functionally important sites such as
ligand binding site and structures essential for kinetic cycle of the myosin. Differences
between two KL score reveals essential sites produced by mode-coupling. Functional impor-
tance of residues emerged as peaks in MD- f; distribution difference explains using biological
background about myosin in Chapter 3

KL score results for different distribution pairs shown in Fig.5.3. In this figure difference
between MD and f; distributions shown mode-coupling contribution for each residue. An-
harmonicity contributions are quiet different and less than mode-coupling effect. Difference
between this scores for pair of distributions are 10 times greater in MD- f; plot. Difference
of mode-coupling contribution and anharmonicity shown in Fig 5.4 Significant information

obtain from the mode-coupling effects.
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Figure 5.4: Difference between KL scores corresponding to mode-coupling and anharmonic-
ity contribution.
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Results of the fluctuations also considered in order to eliminate one possible explanation
of our findings. Fluctuations contain information about the residual energy, but our result
provides mode-coupling contributions. Fluctuations also shown in Fig. 5.5b peaks are

commonly corresponding to loops with large displacements.
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Figure 5.5: Mode-coupling contributions compared with fluctuations of the residues.

Ligand effect shown in 1VOM simulations, where switch I, switch II and p-loop structures

both active. Simulation of the same protein structure without ligand also investigated.
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Comparison of the ligand bound and unbound states shown in Fig.5.6. Significant differences
between these figures occur in mode-coupling contribution Fig.5.6a and Fig.5.6b. Ligand
binding event related with the ligand binding pocket which composed of switch I, switch
IT and p-loop [17]. All peaks around ligand binding sites are reduced on unbounded state,
thought extra peaks emerged when compress in bound state. Ligand binding can also be
considered as compressing some region in order to reach desired structure. In allostery
this mechanism still an open question. However it is believed that proper ligand binding
event suppress activation of some residues in order to activate other sites which is active in

mechanism [9,35,45].
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Simulation of the Myosin structure 1VOM prepared with 500fs interval of frames for 2ns
length. Longer simulation with larger intervals also prepared which has 5ps intervals and
20ns length as explained in section 4. Comparison of these results for mode-coupling and
anharmonicity effects shown in Fig.5.7.

Longer simulation started to have a characteristics of transition between pre-power stroke
(IVOM) stage to near-rigor (IMMA) state. During this transition structures like central
ligand binding site, beta-sheet and relay helix changes in order to release ADP and inorganic
phosphate and rotate lever arm. The major difference between 1VOM and 1IMMA states
is switch II position in which the movement of the switch II away from the ligand resulted
very little change on Switch I. This change on switch I linked to change on other structures
including P-loop, N terminal and converter domain [$3]. In our KL score comparison in
figures 5.7a and 5.7b, value corresponding to switch I region reduces below 3¢ line. However,
KL scores around switch I still have significant difference.

Release of the inorganic phosphate and ADP lead myosin head to bind actin with high
affinity. Cleft closure changes switch I and ligand-binding pocket opens. Myopath loops
has hydrophobic residues which is essential for the actin binding. Deletion and mutation
experiments resulted lose of functionality myosin for acting binding. Loops in myosin II join
large domains of the protein. The actin binding sites contains loop 2 structure which has
an important role in regulating ligand release and actin affinity [17]. Actin binding creates
rapid conformational changes and loop 2 rearranges its conformation [65]. Surface loops
importance experimentally verified and interaction between loop 2 and negatively charged
part of the actin [66]. Loop 2 cooperatively perform actin binding with the other surface
loops and most likely to create actin binding interface that function triggering phosphate
release [09].

A bent at the distal end of the long helix between residues 411-440 drives myopathy loop
to bind to the surface of actin. Structure that drive myopathy loop starts with the structure
corresponding one of our peak region Arg-445. Actin binding twists a large beta-sheet that
forms myosin motor domain backbone. This central beta-sheet starts from switch I and ends
residue 261. It also interacts with other beta-sheets in parallel starts residue 446 and ends
at 462 which is beginning of relay structure. These beta-sheets are interacts with hydrogen

bonds. Twist of the beta-sheets rotates all parallel sheets together because of the hydrogen
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bonds. This twist changes relationship between switch I, swith II and P-loop in order to
release of the ADP and P; permanently [17,413].

During this transition relay structure performs a special see-saw like motion. Peaks on
relay structure in Fig.5.7b corresponds to starting (Lys-462) and ending (Lys-496) residues
of relay helix. Relay helix structure slides on an axis residue at each side drives that motion.
During this movement relay helix changes position in nanometer scale and relay loop moves
significantly in order to support movement of relay helix [13]. One of this relay loop residue

is emerged in our results in long simulation on Leu-508.
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Comparison of the emerged peak values for different graphs visualized in the form of
peak residues if the value of the peak is greater than the 30 of the values. In Fig.5.8 peak
values shown with color codes. Fluctuation or anharmonic contributions success rate is not
close to mode-coupling results. Longer simulation and simulation without ligand also high

precision compared to the anharmonicity and fluctuation results.
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Figure 5.8: Residual contributions and fluctuation values. Values greater than three stan-
dart deviation which is statistically different from other residues are represented with color
codes. Last line also correspond to the region where residues are part of the funvtionally
important sites.

This figure summerized in a table to emphasize predictive power of mode-coupling con-

tribution.

Table 5.1: Precision of KL scores for different MD simulation results

KL Score Simulation

1VOM Precision | 1VOMpo Precision | 1VOMlong Precision
MD-f; 4/5 = 0.80 5/9 = 0.55 3/4 =10.75
fi-fo 1/1 = 1.00 2/4 = 0.50 1/3 =0.33
Fluctuation 4/10 =04 2/4 =05 6/16 = 0.38
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Chapter 6

CONCLUSION

In this thesis, we analyse modal space representations and fluctuations of the proteins
and obtained information about the functionally important sites. Residual contribution of
mode-coupling and anharmonicity systematically represented in this work.

Previous research approaches based on structural information obtained from crystallog-
raphy studies. Dynamic models, however, uses harmonic spring-mass system in order to
describe dynamics. This assumption is used in several research and still recognized as suc-
cessful. In our study hermite expansion and expectations used in order to make corrections
on basic harmonic model. Anharmonicity and mode-coupling effects taken into account
in this approach. Free energy contribution of mode couples are known to be a successful
tool [31]. Based on this modal correction technique fluctuations of residues for different
models are compared.

Residual contribution of anharmonicity and mode-coupling effects are computed by mea-
suring differences between distribution that our model generate and molecular dynamics
data. Distributions are generated starting from fully harmonic model in which distribution
of fluctuations are Gaussian. Random samples taken from this mode space composed of
harmonic modes. Using these distributions and the hermite corrections for anharmonic-
ity more realistic model for capturing anharmonic interactions are generated. Rejection
sampling used in order to select samples randomly from new modal space which contains
modes with anharmonic correction. These modal space samples tranforms into real space
residue fluctuations and distribution of these fluctuations compared using KL divergence.
KL divergence for every space coordinate is measured and one measure finally assigned for
each residue.

We shown that, mode-coupling effects point functionally important residues with high
precision. Myosin protein used as a test ground for this approach because of existence

of experimental and theoretical studied. Results for pre-power stroke state of myosin
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(PDB:1VOM) point significant residues span residues from switch I and p-loop in ligand-
binding site and myopathy loop and loop 2 which are known to be essential on actin-binding.
Molecular dynamics studies for 2ns and 20ns simulations and ligand extracted simulations
both show significant predictably results using mode-coupling contributions.

Our result and previous results based on modal analysis shows promising results for
different aspects of protein research. Allostery can be explained in terms of mode-couplings
of residues and drug design techniques can be improved not only by searching topological
matchings but also vibrational synchronization of the ligand and protein binding domain.
Interactions based on vibrations enlighten energy transfer between residues and coordinative
motion of the residues [35,15]. Traverse of the energy is assumed to be on conserved residues
or shortest paths [16]. However there are also results for multiple energy pathways in which
energy flows in different path with different quantity [13]. Interaction of the residues also
form in different pattern in order to maximize these energy flow. Recent studies on network
properties indicates the importance of clique residues [12, 75].

Other important development on this study can be achieved on understanding allosteric
mechanism. Perturbation studies on molecular dynamics tries to understand excite on one
site how to react from distance sites. General model can be produced based on modal space.
It is known that major movements are achieved by slow modes contribution. However,
energy transfer between slow modes and fast modes observed to generate major differences
[9].  Suppression of modes can be used to control structural changes and estimation of
these changes will be valuable tool in order to understand allostery and produce functional

molecules.
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Appendix A

GAUSSIAN NETWORK MODEL

Gaussian network model (GNM) is one of the topology based model. On this model con-
tact maps used to determine adjacent residues and fluctuations of residues are determined
Cartesian coordinates of the protein structure. In this model each C, atom is modelled as

an atom connected with springs to other adjacent atoms [2,23].

Figure A.1: Gaussian Network Model representation with mass-spring system [4].

A coarse grained GNM analysis based an harmonic oscillator potential energies. The
position of the i** residue is denoted by R;. Distance between residues i and j is denoted by
R;;, which is euclidean distance of two vector R;; = |R; — R;|. Contact map of the proteins
are 2D binary representations of the distances between residue pairs. Cut-off distance,
Teutof f for the residue pairs are commonly selected between 6-12A.

Displacement of the residues are detemined using positions at equilibrium of the atoms.
For the residue 7 and j, position vectors are distance between this two residue is represented
as R?, RJ9 and R?j. Fluctuations vectors of residue ¢ is given by AR = R; — R?.

Kirchhoff matrix of inter-residue contacts are given by I' defined as followed in Equation

Al
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-1 ifi 7&]3 Rij < Tcutof f
Fij = 0 ZfZ ?é]a Rij > Tcutof f (Al)
~ i Tis ifi=j

Molecular Dynamics simulations of proteins reveal fluctuation distributions of each resid-
ual from their mean coordinates. This fluctuations are transformed into modal space using
principle component fluctuations with the covariance matrix C. Covariance matrix is gen-

erated as stated below
C = (ARAR") (A.2)
Using covariance matrix any fluctuation vectors AR transform into modal space. Fluc-
tuations in model space Ar denoted as
Ar = C7:AR (A.3)

Component of the displacements in simulations can be easily decomposed into contri-
butions of different modes by applying eigen decomposition of C' matrix. Eigenvalues of C

denoted as A and eigenvector matrix that diagonalizes C' represented as e.

_1
(ARART) 2 = diagh—/%e” (A.4)

The contribution of mode ¢ can be easily generated by changing eigenvalues of all modes
other than ¢ to zero in eigenvalue vector A. Modal coordinate values change within time

and slow modes has long interval between two maxima as seen in Fig. A.2.
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Figure A.2: Time plots of the slowest five modes and 10?*,50%",100"" modes.

Probability distribution of modal coordinates tend to be a Gaussian distribution in

theory. However simulation results show that PDF's of slow modes mostly non-gaussian and

anharmonic interactions has effect in this picture. Overall behaviour of this PDFs converges

a gaussian distributions with increasing mode numbers. First 10 modes modal coordinate

distributions are shown in Fig. A.2
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Figure A.3: Histogram of modal coordinates for first 10 modes of 1EJG.
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RESIDUAL ENERGIES

Contribution of the fluctuation energy transferred between adjacent residues, which ini-
tially comes from interaction energies like electrostatic interactions, hydrogen and covalent
bondings. Each residue contribute this energy transfer different portion. In GNM, it as-
sumed that harmonic potentials are related with fluctuations of residues. Fluctuation of
the energy AUj;; is related with the residue position fluctuations AR; and AR;. Thus,
AU;; = v(AR; — AR;)?, where 7 corresponding to the spring constant.

Molecules undergo many internal vibrational between residues. Potential energy stored
in this internal energy tend to increase proteins heat capacity. Contributions of residue
coupling to heat capacity means interaction between this pair of residue. Energy correlation

for residues 7 and k stated as

(ATATL) = 372 S5 CyC (AR, — AR;2(AR;, — ARy)?) (B.1)
PR

Correlation given by Eq.B.1 proportional to contributions of residue ¢ and k. Sum over

index k of this equation leads to energetic interaction of residue ¢ with all other residues.

AU; = (AU AU) (B.2)
k

Correlation between residues and energy contribution of each residue shown in Fig.B.1.
Residues with high coupling and energy contribution is essential for dynamics. Residues
with high energy contributions appear along a path with one end located at surface and the

other located at ligand binding site [75].
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Residual energy contribution
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Figure B.1: Correlation between residue pairs shown on the right figure. Energy contribu-
tions of each residue shown on the left and energy peaks represents essential residues.



Appendiz C: Evolutionarily Conserved Residues 66

Appendix C

EVOLUTIONARILY CONSERVED RESIDUES

Conserved aminoacid sequences mostly required for the basic functions of the proteins.
Sequence similarities are used as an evidence for the biological importance. Most highly
conserved residues are observed as a active binding sites of enzymes, and the binding site of
the proteins. Energy pathways of the allosteric proteins are known to have a residual path
between ligand binding site and surface residue. This residual path contain evolutionarily
conserved residues. Previous studies on myosin II shows that allosteric path hypothesis
mostly contains evolutionary conserved residues [71].

Conservation scores of each residue generated by ConSurfDB webserver [20]. Conser-
vation scores are sorted between 1 and 9. In other words, sorted from least conserved to
most conserved. There are also some residues denoted with conservation score zero, which

corresponds to insufficient data.

cc 2R 0 0O epE @ R E @B BAg@Eg@Es

RNV

Variable Average Conserved

Figure C.1: Conservation score of 1EJG and sequence of residues coloured by their conser-
vation scores. Residues with conservation score higher than 7 represented as ball models
other represented as sticks.
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