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SINGLE-MOLECULE FORCE EXPERIMENTS OF MOTOR PROTEINS
VIA MOLECULAR DYNAMICS SIMULATIONS

SUMMARY

Due to their significant role in muscle contraction and intracellular cargo transport,
motor proteins have gained much interest in recent years. Motor proteins convert the
energy obtained by ATP hydrolysis into mechanical energy. Molecular Dynamics
(MD) simulations is a powerful methodology to investigate the mechanic properties of
motor proteins. In this thesis work, MD simulations of myosin and dynein were
performed. All myosins have a conserved domain organization: an N-terminal motor
domain, a neck region (lever arm) containing one to six 1Q motifs that provide binding
to light chains or calmodulin, and a highly variable tail domain. Large-scale stepping
of myosin V1 is facilitated by the extension of the proximal tail domain of lever arm
region of myosin. Proximal tail domain of lever arm region of myosin was extended
by steered molecular dynamics (SMD) simulations. In SMD simulations the center of
mass of a group of atoms is pulled along a vector. MD simulations results of proximal
tail domain of lever arm region were compared with literature and our results were
validated. As a second step, the linker structural transition of the motor protein dynein
between its pre-Powerstroke and post power stroke states were modeled using SMD
simulations. Cytoplasmic dynein is a homodimer and consists of two identical heavy
chains. The heavy chain includes a motor domain that comprises a ring of six AAA+
domains (AAAL1-6) and four structures protrude: stalk, linker, buttress, and C-terminal
domains. In the dynein pre Powerstroke state the linker is in a bent conformation while
in the post power stroke state it is in a straight conformation. A similar procedure as it
was applied to myosin was performed for dynein and the transition was partially
modeled. The SMD simulations performed at finite constant velocities provided us
irreversible work values for this transition at the selected velocities.
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MOTOR PROTEINLERININ BILGISAYAR ORTAMINDAKI CEKME
DENEYLERININ MOLEKULER DINAMIK SIMULASYONLARIYLA
GERCEKLESTIRILMESI

OZET

Kimyasal enerjiyi mekanik ise doniistiirebilen biyolojik molekiiller motor proteinleri
veya molekiiler motorlar olarak bilinir. Bu nanometre biiytlikliiglindeki makineler,
genetik bilgi aktarimi, hiicre i¢i tasima, organizasyon ve isleyisi gibi temel hiicresel
siireclerinde dnemli gorevler alirlar. insan viicudunda birgok farkli tip molekiiler
motor vardir. Miyozin motor proteinleri kas kasilmalarinda rol oynamaktadirlar. Diger
bir motor proteini sinifi olan dineinler, hiicre i¢erisinde mikrotiibiiller lizerinde eksi
yonde tasimayir gergeklestirmekle gorevlidirler. Kinezin motor proteinleri de
miktrotiibiiller lizerinde iki yonde de tasimayi saglarlar. Tim bu nano Olgekli
makineler kimyasal enerjiyi benzer prensipler kullanarak mekanik islere
doniistiirirler. Bu katalitik islemler sirasinda salinan kimyasal enerjinin bir kismi bir
sekilde molekiiler motorlar tarafindan mekanik harekete yonlendirilir. Son yillarda
motor proteinleri, molekiiler motor dinamiginin temel prensiplerini ve
mekanizmalarimi ortaya c¢ikarmayir amaglayan yogun arastirma c¢abalarina konu
olmustur. Motor proteinlerinin mekanik 6zelliklerinin incelenmesi i¢in Molekiiler
Dinamik (MD) simiilasyonlar1 énemli bir yontemdir. Bu tez calismasinda, MD
simiilasyonlar1 kullanilarak miyozin ve dinein motor proteinlerinin MD simiilasyonlar1
yapilmistir. Calismanin ilk adiminda literatiirde yapilan bir ¢alisma ve uygulanan
teknik tekrar edilerek uygulanan yontemin uygulayis sekli ve elde ettigimiz verilerin
dogrulugu valide edilmistir. S6z konusu validasyon sonrasinda ise, tezin ikinci
asamasi olarak ilk asamada uygulanan yontem onceden MD simiilasyonlari ile
calisilmamais bir protein hareketini modelleme amaciyla uygulanmigtir

Calismanin  i1lk asamasinda miyozin VI proteinin MD simiilasyonlar
gerceklestirilmistir. Motor proteinlerinden birisi olan miyozin VI'nin biiyiik 6l¢ekli
adimlar atabilmesi kuvvet kolu boélgesinin proksimal kuyruk (PT) bdlgesinin
uzayabilmesi/genisleyebilmesi sayesinde gerceklesmektedir. Bu tez caligmasinda
yonlendirilmis MD simiilasyonlar1 gerceklestirerek PT bolgesinin {i¢ alfa sarmali
uzatilip PT bolgesi genisletilmistir.

MD simiilasyonlarinda kullanilacak olan miyozinin VI kolunun yapisi, Protein Veri
Bankasindan (PDB) elde edilmistir. Miyozinin biiyiilk ve asimetrik bir yapisi
bulunmaktadir. Uzun bir proksimal kuyrugu (PT) ve iki adet kiire seklinde kafa bolgesi
bulunmaktadir. Pt bolgesinin uzama/genisleme hareketinde dnemli bir gérevi olan 1Q-
kalmodulin motifi ve PT bolgesinin bu simetrik yapinin bir tarafinda bulunmakta ve
diger kisimlardan ayrilmaktadir. IQ-kalmodulin motifi kuvvet kolu hareketini
diizenleyen 6nemli sekans bolgesi icermekte iken, PT bdlgesi miyozin proteininin
mikrotiibiile baglanmasin1 saglayan genisleyen kisim olarak gorev yapmaktadir.
Yapimin incelenmesinde 6nemli olan ilk adim olarak gergek¢i bir hiicre ortaminin
olusturulabilmesi i¢in, 1Q-kalmodulin-PT yapis1 belirli boyutlardaki bir su kutusuna
yerlestirildi ve 50 mM potasyum kloriir (KCl) ile notralize edildi. Bu islem sonrasinda,
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olusturulan sistemin kararli durumuna ulagabilmesi i¢in, olusturulan sistem dengeye
getirildi. Bu adim, birinci seviyesinde yapmin tiim omurgasina baskilamalar
uygulanarak ve ikinci seviyede kisitlamalar uygulanarak 5 seviyede ger¢eklestirildi.
Ucgiincii adim olarak, PT bolgesinin ilk rezidiisii sabitlenerek ve son rezidiisiine ise
sabit hiz cekme kuvvetinin uygulanarak SMD simiilasyonlar1 ger¢eklestirildi. Bulunan
veriler literatiir ile karsilastirilarak uygulanan yontem valide edilmistir.

Tez ¢aligmanin ikKinci asamasinda, bagka bir motor proteini olan dineinin gii¢ stroku
oncesi ve glic stroku sonrasi kuvvet kolunun yapisindaki degisim modellenmistir.
Sitoplazmik dinein, birbirine baglanmis iki ayn1 mikro molekiiler makineden olusan
ve her biri kimyasal enerjiyi ise doniistiiren bir hekzamerik halka sekilli katalitik alan
iceren homodimerik bir motordur. Her bir dinein monomerinde hekzamerik halka 6
adet AAA+ bolgesinden olugsmaktadir ve bu bdlgeye motor bolgesi veya bas bolgesi
denmektedir. Bu katalitik halkadan ¢ikan 4 uzanti vardir: sap, payanda, kuvvet kolu
ve C-terminal bolgesi. Dineinin kuvvet kolu ATP hidrolizinden gelen enerjiyi kullanir
ve gli¢ stroklar1 arasindaki gegiste biikiilme ve agilma haraketi yapar. Gii¢ stroku
oncesinde kuvvet kolu biikiik halde iken gii¢ stroku sonrasi diiz halde bulunmaktadir.
Dinein proteinin gii¢ stroku sonrasi halden gii¢ stroku 6ncesi hale gecisine hazirlama
stroku denilmektedir. Miyozin i¢in uygulanan benzer adimlar izlenerek, dinein motor
proteininin gii¢ stroku Oncesi ve gii¢ stroku sonrasi arasindaki hazirlama stroku
sirasinda gergeklestirdigi kuvvet kolu hareketleri kismi olarak modellenmis ve bu
¢ekme hizlarinda uygulanan tersinmez is miktari ol¢tilmiistiir.

Miyozin uzantisina benzer sekilde, SMD islemi kuvvet ve gevsetme uygulanarak
gerceklestirilmistir. Onceki ¢alismadan farkli olarak, SMD simiilasyonu sirasinda
protein omurgasindaki rezidiiler sabitlenmek yerine sinirlandirilmistir. Dineinin
baglayic1 alanindaki {i¢ alfa helis secilmektedir ve her alfa sarmalinda, SMD
simiilasyonu sirasinda bir bozulmaya neden olmayacak bir mesafeden bir artik
belirlenmektedir. PDB’ den elde edilen ilk yapi, insana ait dineininin 6n gii¢ stroku
durumunu belirten dinein-2 motor proteinine aittir. Bu yap:1 literatiirde[1] MD
simiilasyonlar1 ile modellenmistir. Sunulan tez c¢alismasinda literatiirdeki MD
simiilasyonundan elde edilen suda ¢dziinmiis dinein protein yapisi[1] kullanilmustir.
Gii¢ stroku 6ncesi, kuvvet kolu alani biikiilmiis vaziyettedir (PDB: 4RH7). Ikinci
yapida ise, kesilmis mikrotiibiil baglanma bodlgesi olan dinein motor MTBD'in bir
parcasina sahip degildir ve adenozin difosfat (ADP) buna baglanmistir. Bu dinein, A
monomerinde antiparalel sarmalli diiz bir sapa ve daha kisa sarmalli sarmaldan
yapilmis kivrilmis sapa sahiptir (PDB: 3VKG). 4RH7 ve 3VKG dinein yapilarinin
istenen pargalar1 birbirine hizalanmistir. 4RH7 dineininin baglayici alanindaki ii¢ alfa
helis se¢ildi ve her alfa sarmalinda, SMD simiilasyonu sirasinda bir bozulmaya neden
olmayacak bir mesafeden bir artik tespit edimistir. Se¢ilen amino asitlerin (1264, 13009,
1325) alfa karbonlarmin kiitle merkezi 6l¢iilmiistiir. 3VKG yapinin birlestiricisi i¢in 3
alfa helis de secilir ve uygun mesafelerdeki kalintilar belirledi. Segilen amino asitlerin
alfa karbonlarimin kiitle merkezi (1531, 1572, 1588) ol¢miistiir. Bu kiitle merkezi
arasinda bir vektor olusturulmustur. Dinein kuvvet kolunun hareketinin modellenmesi
icin by vektdr boyunca s6z konusu atomlara ¢gekme kuvveti uygulanmistir. Bu SMD
simiilasyonlarinda, baglayicinin mentese bolgesi olan 1415 ila 1425 arasindaki
artiklarin alfa karbonlari sabit olarak alindi. SMD simiilasyonlarinda yay sabiti olarak
25 kcal / mol A2 ve gekme hiz1 ise 1 A / ns olarak secildi. Her SMD simiilasyonu 5ns
ucunlugunda olup toplamda 5 tane SMD simiilasyonu gerceklestirilmistir. SMD
simiilasyonlar1 arasinda 10ns uzunlugunda yapisal kisitlayic1 simiilasyonlar
gerceklestirilmistir.  Bu simiilasyonlarda kisitlayic1 potansiyellerin uygulanacagi
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atomlar 1415, 1425, 1264, 1309, ve 1325 amino asitlerin alfa karbon atomlar1
secilmistir. Yay sabiti kisitlama simiilasyonlarinda 5 kcal / mol A? olarak segildi.
Toplamda 5 SMD ve 4 siirlandirma simiilasyonu gergeklestirilmistir. Bu
simiilasyonlarin sonucunda kuvvet kolu gii¢ stroku dncesi yapisina yaklasmustir.
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1. INTRODUCTION

1.1 Proteins

Proteins are macromolecules which are highly important for human body functions.
Proteins are polypeptides made by 20 types of amino acids and these amino acids
determine the structure of the protein by varying sequences [2]. There are a lot of
proteins in the cells of various structures. Proteins can have various essential roles for
cells such as acting as catalysts accelerating biological processes, storing vital
molecules such as oxygen, providing mechanical support and transport inside the cell
[3]. Motor proteins are a family of proteins that are responsible for various processes
such as providing muscle contraction and transporting vesicles and biological loads in
the cytoplasm. Motor proteins are powered by ATP hydrolysis and, they are able to
move along actin filaments and microtubules. Motor proteins consist of myosin,
kinesin and dynein superfamilies. In this thesis, a member of each of the myosin and

dynein superfamilies were used in the simulations.
1.1.1 Myosin proteins

Myosin superfamily of motor proteins power muscle contraction and move along actin
filaments [4, 5]. Actin filaments are like tracks that have two ends, which are a negative
end and a positive end. Generally, the positive pointed end of filaments is directed to
membrane of cell and inversely, minus pointed end is directed to inside cell [6].
Myosin proteins move along this actin filaments by converting energy from ATP
hydrolysis to mechanical work. All myosins have a conserved domain organization:
an N-terminal motor domain, a neck region (lever arm) containing one to six 1Q motifs
that provide binding to light chains or calmodulin, and a highly variable tail domain
(Roberts 2004). The catalytic cycle of actin-myosin starts with ATP hydrolysis in the
motor domain of myosin occurring in the absence of actin. As a result of the ATP
hydrolysis, release of Pi and MgADP [4, 7] induces conformational change in the
motor domain of myosin [8-10]. The conformational change in the motor domain

provides movement, known as the Powerstroke, of the lever arm of the myosin. The



magnitude of the Powerstroke, or step size of myosin, is determined by the length of

its lever arm.

Myosin VI is a unique member of the myosin family that walks towards the minus end
of the filament, unlike other myosins that walk towards the plus end. Myosin VI is
responsible for various functions inside the cell such as transporting vesicles during
endocytosis [11], maintenance of function and structure of Golgi [12], and hair cell
mechanics in hearing [13]. Myosin VI includes: an ATP binding site and a unique
insert-2 domain associating with calmodulin (CaM) at its actin-binding motor domain;
an 1Q motif; a proximal tail (PT) domain that forms a three-helix bundle [14]; an a-
helical medial tail (MT) domain; a distal tail (DT) domain; and a cargo binding domain
(CBD) [15]. Despite having short lever arms, myosin VI can walk with large step size
about 30-36 nm and this function cause doubt about swinging lever arm hypothesis,
which claims that the length of the lever arm specifies the step size of a motor protein.
The proximal tail (PT) domain of myosin can extend to triple its length, thus provides
the extension of the lever-arm long enough to accommaodate a large step size of 30-36
nm [16].

1.1.2 Dynein motor proteins

Dynein superfamily of motor proteins provides transport of different cargos such as
membrane-bound organelles, protein complexes, RNAs and viruses inside the cell
[17]. Dyneins move towards the minus end of microtubules by using energy from
ATP-hydrolysis [18]. Cytoplasmic dynein is a homodimer and consists of two identical
heavy chains. The heavy chain includes a motor domain that comprises a ring of six
AAA+ domains (AAAL1-6) and four structures protrude: stalk, linker, buttress, and C-
terminal domains [19-21]. Each AAA+ domain has a large (AAAL) and small (AAAS)
subunits. Only four AAA sites (AAA1-4) have ability to bind ATP and AAAL is the
most significant site which is essential for mobility [22, 23]. AAA5 and AAAG do not
have the ability to bind ATP and these sites provide structural support for the stalk and
buttress. In the absence of nucleotides in the AAAL site, dynein linker takes a straight
conformation. ATP binding and hydrolysis induce linker to take a bent conformation
[23, 24]. The stalk of dynein has a microtubule-binding domain (MTBD) at its end.
The tail of dynein provides dimerization and cargo binding [21, 25, 26].
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Figure 1.1: Structure of dynein.

In the mechanochemical cycle of dynein, firstly AAAL site of dynein is empty (apo)
and the linker is in straight conformation called post-powerstroke state [27]. In this
state, dynein is attached to the microtubule. ATP binding to AAAL causes linker to
undergo conformational change and take a bent conformation called pre-powerstroke.
After ATP binding, dynein loses connection with the microtubule [23]. ATP bound to
AAAL1 is hydrolyzed into ADP and Pi, results in rebinding of dynein to the
microtubule. Pi is released from AAAL, this provides linker to turn back to its straight

conformation. Dynein returns to its initial state of the cycle after ADP is released.
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Figure 1.2: The motility process of dynein motor protein.
1.2 Purpose of the Thesis

The purpose of the thesis is to perform in silica single-molecule experiments and
model structural transitions in motor proteins myosin and dynein. As the first case,
lever arm extension of myosin V1 is performed to benchmark and validate our results
with simulation data in the literature. After validation, a similar methodology is applied
to explore the linker movement of dynein. By doing so, the conformations sampled
during linker transitions and the reversible work required to move the linker at finite
speed are obtained. These simulation results will contribute to the understanding of

the functional mechanisms of these motor proteins.

1.3 Literature Review

In the study by Sweeney and Houdusse [28], it is explained that the different domains
in myosin VI structure have particular roles in its function. Lever arm region
encompasses various number of 1Q motifs in a helix structure that provides calmodulin
binding. Insertion segment between the converter and lever arm, so-called reverse gear
accomplishes reverse directionality in myosin VI movements on actin filaments
through supplying minimum length of the lever arm. Besides these functions of

particular structures in myosin VI, most of the articles investigate the other unique
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property of myosin VI which is its dimerization. In the studies of Spink et al. [29] and
Phichith et al. [30]., it is suggested that cargo binding induces myosin VI to dimerize.
Spink et al. [29] performed X-ray scattering experiments and considering the resulted
data, they concluded that in the absence of cargo binding process, full-length myosin
VI exists as a monomer. In this condition, some intramolecular interactions are leading
to block dimerization by cargo-binding domain. In the study of Phichtich et al. (2009),
it is shown that binding optineurin, which is a dimeric cargo adaptor protein, induces
myosin V1 to dimerize internally. This binding omited the inhibition of cargo binding
domain and permits the affinity between two unfolded monomers of cargo domains to
start dimerization [30]. Spink et al. [29] also described the myosin VI structure and
proposes that the primary reason for the 36 nm large steps of myosin is extension of
single alpha helix. In their study, it is shown that conformation of SAH is classic a-
helical and it is sufficient to fulfill functional lever arm extension with the help of
folded three-helix bundle. It means that SAH is dominating component in extension.
In opposition, Mukhejra et al.[14] states that the lever arm extension is caused by
unfolding of three-helix bundle, known as proximal tail, only after the dimerization.
It illustrates that in this view, single alpha helix segment is just a spacer among motor
and cargo. This means that single alpha helix does not take part in lever arm extension

process.

Espinoza-Fonseca et al. [31] performed Molecular Dynamics (MD) simulations of the
light chain of smooth muscle myosin to understand the structural basis of myosin.
Their simulations provide insights into the details of the myosin structure which are
not revealed by experiments. Liu et al. [16] performed MD simulation studies upon
the lever arm extension process with considering the Mukhejra et al.[14] achievement
and investigated the details of three bundle extension. In this MD study, it is
demonstrated that calmodulin has significant effect on facilitating extension path and
it contributes to stabilization of lever arm after extension [16]. Mugnai et al.[32]
provide the molecular basis for Powerstroke of myosin VI motility by using a coarse-
grained model. They demonstrated that the powerstroke occurs in two steps. Also by
analyzing the trajectories they discovered that rotation is mostly uncoupled from the

motor domain.

The other interesting family of motor proteins that carry cargo and move towards the

end side of microtubules is dynein. There are a few MD studies of dynein in the



literature. Choi et al. [33], performed protein-protein docking simulations of dynein
structure with low MT binding affinity. By doing so they obtained a model for high
MT affinity dynein structure. They performed simulations with wild type and mutant
dynein for docking. Redwine et al. [34], modelled the pseudo atomic models of low
and high MT binding affinity dynein by combining cryo-electron microscopy and MD
simulations. Nishikawa et al. [35], obtained the crystal structure of Mus musculus
dynein stalk ( PDB ID: 3WUQ) and performed MD simulations for comparing this
structures with available structures in literature. Kamiya et al. [36], performed MD
simulations for two dynein models (ADP and ATP bound) and observed the structural
changes. In a very recent study [37], MD simulations of the human dynein in its pre-
power stroke state (PDB ID: 4RH7 [27]) and its engineered constructs were performed.
They changed the length and angle of the stalk, and observed that the direction of the

linker swing vector was altered into the reverse direction along the MT.



2. MATERIAL AND METHODS

2.1 Molecular Dynamics Simulation

Macromolcular structure has The primary thought of molecular dynamics is depend
on van der waals and Boltzmann but new period of it started with the research on hard-
sphere liguids in the late 1950s. Next step in the evolution of molecular dynamic was
done by Rahman, [38] on a molecular dynamics simulation of liquid argon in 1964.
After 25 years since the first molecular dynamics simulation, the biological
macromolecule which is called bovine pancreatic trypsin inhibitor in 1977 by
McCammon et al [38] . During the decates, through efforts of the researchers such as
verlet, Anderson, Nose and parrinello, soo much improvement and development were
occured within the aspect of atomic modelling and molecular dynamics simulation and

due to it, we can use this method in different scientific areas.

One of the advantages of molecular dynamics simulation which has a great role in the
increasing applications of it, is that final details contributed to every particle motions
as a function of time, can be obtained. These information is so useful to understand the
specifications of system in a easy way with comparing of experiments. Other
significant previlige of simulations, is that for investigating the special property of
system, it is possible to control parameters which is involving in the simulation by the
user [39].

In the MD simulations atoms move according to the Newtonian equations of motion
[40];

— ad —_— —
Mty = _ﬁutotal(rbrz' s TN, a=12,..,N (@8]

where the mass of atom « as refers m,, position of atom refers as 7;, and the total
potential energy refers as U;,:q;- TOtal potential energy depends on all atomic

positions and coupling with motion of atoms.

In the MD simulations, force fields are the crucial part[40]. Because, force fields
represent the interaction of atoms in form of simple mathematical equation [41].
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1 1 Vn
U= Zbondszkb (r - ro)z + Zangleszka(g - 90)2 + Ztorsions? [1 + cos(n¢ -

12 6

Oij ij qi4;
6)] + Zimproper Vimp + ZL] 4Eij (rl% - r_lej> + Zelec% (2)
ij ij 3]

Here the first four terms are the intramolecular and local contributions to the total

energy and the remaining terms represent the Lennard-Jones potential and the

Coulombic interactions [41].

Moreover, MD simulations use periodic boundary conditions to avoid surface effects
[40]. Particles of the system enclosed in a cell. Periodic translations provide infinite
number of the cell. One of the particles of the system leaves the cell on one side,

simultaneously another particle enters the cell on the opposite side [40].

Another important point of the MD simulation calculations is full electrostatic
computations that solves and compute the long-range electrostatic interactions [40].
The Ewald summation is a description of long-distance electrostatic interactions for a

periodically bounded, spatially limited system [40].

Simulated systems are accepted as a thermodynamic system [42]. This thermodynamic
system has volume (1), number of particles (N), pressure (P), and the total energy
(E) properties. According to these properties, MD simulations were done with

different ensembles [42].

NVT ensemble: In this ensemble, three thermodynamic parameters involving N, V and
temperature (T) are fixed [42]. However, in the laboratory conditions experiments
applied under constant pressure [43]. For mimicking the experimental conditions, NPT

ensemble is used [43].

2.2 Steered Molecular Dynamics Simulations

SMD is one of the MD sampling method. SMD provides investigation of some of the
biological processes, such as ligand unbinding and conformational changes of the
biological molecules, on accessible time scales with MD [44]. SMD simulations mimic

Atomic-Force Microscopy assays in principle [45].

SMD is a simulation method which an external time-dependent forces are applied to
one or more atoms. These are refferred to as SMD atoms. The applications of it, yield

significant insight into biological processes such as unbinding of ligand from protein,



moving peptides and unfolding of proteins. In this thesis, constant velocity pulling
SMD simulations were performed. In constant velocity SMD simulations the center of
mass of the SMD atoms is attached to a dummy atom by a virtual spring [40, 46]. This
dummy atom or center is moved at constant velocity and then the force between both

is measured via using [40]:

—VU 3)

T
Il

where
1 - —> —-
U= Ek[vt— (F —T19).1]? (4)

Here U is the potential energy, k is the spring constant, v is pulling velocity, t is the
time, 7 is the actual position of the SMD atom or center and 7 is the dummy atom

coordinate, and 7 refers the direction of pulling [40].

2.3 System Preparation Of Lever Arm Of Myosin VI

This study based on the Liu et al.[16] study that investigation of lever arm three-helix
bundle extension process of myosin VI with SMD simulations and key role of
calmodulin. At the first step, lever arm of myosin VI crystal structure (PDB 3GN4
[14]) was obtained.

Figure 2.1: Structure of myosin VI lever arm.

On the lever arm of the myosin VI structure a missing region is found between 850

and 863 residues. This missing structure was modelled as loop as proposed in the study
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by Liu et al. [14]. As was done by Liu et al. [14]structure was cropped so that the
prepared system contained 1Q motif (residues 811-833), PT domain (residues 834-
913), and apo calmodulin structure that bound the 1Q motif.

Figure 2.2: Proximal tail domain included three alpha helix (blue) and
IQmotif/calmodulin (red).

Hydrogen atoms of the system were added by using “AutoPSF v1.8 ” plugin of the
VVMD software [47]. Then, system was solvated with 24,600 TIP3P explicit water by
using “Solvate v1.5” plugin of VMD. The solvated system size was 165 A x 65 A x
73 A. Then, 50 mM KCI were added to system and total system charge was neutralized
with KCl by using “Autoionize v1.5” plugin. And, total system size was 73,349 atoms.
A cutoff distance for van der Waals (vdW) interactions was set to 12 A with switching
function that started at 10 A and reach zero at 12 A. Particle-mesh Ewald summation
was used for calculate the long-range electrostatic interactions. And, system was
simulated under NVT conditions at 310 K temperature. This system was minimized
for 10,000 steps with 2 fs time step. Then, system equilibrated for 1 ns with fixed C*,
after 1 ns, C% of the system was connected to the imaginary spring that has 1
kcal /mol/A? spring constant for 2 ns. At the last system was released for 4 ns.
When the system reaches the equilibrium after 7 ns equilibration simulation, lever arm
of myosin VI and calmodulin was transferred larger solvation box for SMD simulation.
Before transferring, 1Q domain aligned to x axis. The dimensions of system was altered
to 197 A x 77 A x 77 A. This larger new system contains 111,369 atoms. New
prepared system was equilibrated using the same procedure indicated above. Then, C*
of the 811" residue of the lever arm of myosin V1 was fixed and C® of the 913" residue

10



was selected as a SMD atom. Dummy atom was bound to the SMD atom with a virtual
spring that has 5 kcal/mol/A? constant. And, dummy atom was pulled with 2

A/ns constant velocity to direction from center of mass of the fixed atom to the center
of mass of the SMD atom that was computed as 0.9906, 0.0745, and 0.1140 that are
x-y-z components of the direction, respectively, for 10 ns with 1 fs time step and NVT
ensemble, as described in the study [16]. Obtained system at the end of the SMD
simulation, SMD and fix atoms were fixed for 10 ns for relaxing the system with 2 fs
time step and NPT ensemble. Then, obtained system was followed again SMD
simulations. All MD and SMD simulations were performed in NAMD 2.12 [40] with
using CHARMM36 [48] force field.

Figure 2.3: Exertion of force on residue 913.

2.4 System Preparation of Dynein Linker Movement

In this part of the study, the dynein linker movement was partially modelled. For this
purpose, pre-powerstroke state conformation of linker was steered to its post-
powerstroke state conformation using SMD simulations. In the literature, both pre-
powerstroke and post-powerstroke structures are present (PDB 4RH7 [27] and 3VKG
[26], respectively).

11



Figure 2.4: Pre-powerstroke stage structure.

Pre-powerstroke state conformation of dynein linker was used as initial structure from
the recent MD data Can et al. [1]. At the beginning, 3VKG and initial structure was
aligned through residues 1425-1550 of the linker as shown in Figure 2.4. Then, C*
atoms of residues 1264, 1309 and 1325 residues of the linker were selected as a SMD
atoms. C* atoms of residues 1415-1425 were fixed. Reaction coordinate of the system
was selected as center of mass of the SMD atoms to corresponding atoms on the 3VKG
structure. In the Figure 2.5, reaction coordinate can be seen. Dummy atom was bound
to the SMD atom with a virtual spring that has 25 kcal /mol /A? spring constant. Then,
dummy atom was pulled witch 1 A/ns constant velocity for 5 ns along the steering
direction followed by 10 ns of constrained MD simulation applied on SMD and fixed
atoms. SMD and fixed atoms were constrained with spring that has 5 kcal /mol /A2

spring constant.
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3VKG dynein
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Figure 2.5: Initial structure and vector of the reaction coordinate.
2.5 Solvent Accessible Surface Area

Solvent Accessible Surface Area (SASA) is as indicated in the name surface area that
accessible to solvent [49]. The accessible surface area of an atom, A, is the area of a
radius R located at each point on the surface [49]. On each point, center of solvent
molecule can be placed without penetrate vdW radii of the atoms. Approximation of

the area is computed by;

accessible surface area = A = Y(R/ |[R?* —Z?)-D - L; (5)
D=AZ/2 +AZ

Where L; refers length of the arc drawn on section, perpendicular distance from center
of the sphere to section is referred as Z;. Spacing between the sections is referred as
AZ [49].

2.6 Root Mean Square Deviation

One of the distance-based measurement for protein structure similarity is Root Mean
Square Deviation (RMSD) method [50]. This method gives similarity between two

superimposed structure quantitatively. RMSD is calculated with this formula [50];
1
RMSD = |-¥I,d} (6)
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where the n refers equivalent pair of atoms and d; refers the distance between the i-th

pair atoms [50].

2.7 Work Calculation

The conformational changes were performed by applying steering forces via a virtual
spring that is connected to a dummy atom, which is pulled at a constant velocity. Since
pulling takes place at a constant velocity this is a reversible process. In the constant
velocity SMD simulations, A referred as external parameter that correlated with
dummy atom coordinate and changes as follows over time,

A(t) = A2(0) + vt (7)
External work of the system was evaluated as;

A©
Wa-10) = J3) FdA (8)

where F is the applied force to the system [51].

14



3. RESULT AND DISCUSSION

3.1 Myosin Lever Arm Structure

The first part of the thesis comprises reproducing data of the previous study by Liu et.
Al [16]. and validating our results. This will allow us to conform the correct application
of the methodology and apply it to a system previously not studied in the literature,

which is the second part of the thesis.

3.1.1 Equilibration of myosin

As described in the methodology section, equilibration was performed for 7ns. RMSD
was caluclated with respect to the crystal structure using alpha carbon atoms. The
evolution of the RMSD for the proximal tail and the complete protein is shown in
Figure 3.1. The first 1ns the alpha carbons of the protein were kept fixed. After that
they were constrained with a force constant of 1kcal/mol A. The RMSD immediately
increased to 0.5 A. After 3ns any constrains on the protein were removed and RMSD
converged to a vlaue around 3 A. Thus, it was concluded that structurally equilibrated

myosin was obtained.
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Figure 3.1: RMSD Value For all protein (blue) and proximal tail (red).
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3.1.2 Steered molecular dynamics simulations of myosin proximal tail

The details of the SMD simulation protocol is described in the methodology section.
Here SMD simulations followed by fixed simulations (Please refer to methodology for
details) were performed. In the fixed simulations SMD atoms were fixed. This released
partially the tension which build up during SMD. Thus, allowing the protein to
optimize in this new proximal tail conformation. A total of 40 ns SMD and 40 ns fixed
MD simulations were performed. Overally the degree of extension follows a straight
line during SMD simulations. Frequently, large fluctuations are observed probably
relating to bond/inetraction breakage. The characteristics of the time vs extension data

we produced was in accord with the previous study in the literature by Liu et al. [16]

9
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Figure 3.2: Extension of proximal tail (residue 811 to 913) of myosin VI.

3.1.3 Number of hydrogen bonds during proximal tail extension

The hydrogen-bond play a signifacant roles in proteins’ structure since they stabilizes
the secondary, tertiary and quaternary structure of proteins and it connects the amino
acids between different polypeptide chains in proteins’ structure. According to this,
the number of hydrogen bonds during SMD simulations indicate the extend of which
the helices in the proximal tail are broken. How hydrogen bonds were calculated
during the simulations were described in the methodology section. As shown in Figure
3.3 the number of hydrogen bonds in the proximal tail decrease from 240 to 160 in

total (%50). Thus, indicating a large amount of structural change.
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Figure 3.3: Number of hydrogen bonds during SMD.

3.1.4 Evolution of solvent accessible surface area (sasa) during proximal tail

extension

Building secondary and tertiary structures generally increases the size of the protein
core and the number of aminoacids in contact with the solvent. Thus investigating the
change of solvent accessible surface area throughot the trajectory is an indication of
the degree at which the protein bcomes unstructured. The structure which is extended
via SMD simulations comprises helices and those are broken upon force application.
Solvent accessible surface area was evaluated over time. As shown in Figure 3.4, there
in SASA increases from approximately 49 nm? to 68 nm? (by ~40%) due to stretching
the protein during 80 ns of SMD. This number is comparable in magnitude to the

decrease in the number of hydrogen bonds as evaluated in the previous section.
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Figure 3.4: Exposed hydrophobic SASA versus time.

3.1.5 Force and work applied during proximal tail extension

As described in the methodology section, the force applied to the center of mass of the
SMD atoms depends on how much this coordinate lacks behind the dummy atom
coordinate. Thus using the SMD atom coordinates the force at each time instant can
be evaluated via Eq.3. The force applied during the 40ns of SMD simulations is plotted
in Figure 3.4. It is clearly seen that the force values are amplified in the region 1.3nm
to 4.8nm. These points are highighted with arrows 2 and 3 in the figure. The force
values were recorded every frame which is 25 ps and average trendline was shown in

green color for visiual purposes.
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Figure 3.5: Force fluctuation versus to extension length.
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In order to have a better understanding, protein conformations corresponding to time
instances ar arrows 1-4 are shown in figures 3.6-3.9. As shown in the figures the
largest force values are obtained alpha-helix scondary structure in the proximal tail

unfolds.

Figure 3.7: The start coordinates of unfolding alpha-helix (point 2).
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Figure 3.8: Unfolding of alpha-helix in the x-direction (point 3).

- L —

o .

Figure 3.9: Stable structure of the proximal tail (point 4).

After third point, as expected power stroke the range of force decrease and tend to

steady values which express the stabilizing of structure bypassing the energy barrier.

By using the force-extension data, the total work applied to the system can be
calculated. The evolution of the total work applied over the SMD simulation length
was evaluated and shown in Figure 3.10. As can be seen, the slope of the work graph
is highest when the proximal tail unfolds.
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Figure 3.10: Total work during SMD simulations.

3.2 Dynein Motor Protein Linker Movement

In total 5 SMD simulations and 4 contained MD simulations were performed. Please
refer to the methodology section for details. A total of 65ns of MD simulations were
performed. The center of mass of the SMD atoms followed the dummy atom closely.
At each constrained simulation a slight decrease in the coordinate along the pulling
direction was observed; i.e. the linker tended to go backward along the steering

direction.

To analyze the movement of the linker, all trajectories were aligned to initial structure
through the fixed atoms and movement of the center of masses of the SMD atoms was
measured through the trajectories. Dynein linker moved approximately 22 A along the
pulling direction. In the beginning, the measured distance was approximately 40 A.
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Figure 3.11: Evolution of SMD simulations along the pulling direction vector.

SMD trajectories were merged into a single trajectory and force values for each frame
were evaluated. The evolution of forces along the pulling direction re shown in Figure
3.12. The work values are shown in Figure 3.13. The work graph showed the largest
increase between 20 A and 22 A. Total work done during the simulations were

calculated as 484.8 kcal/mol.
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Figure 3.12: Evolution of force during SMD simulations.

22



Work (kcal/mol)

500

400 ¢

300 1

200 |

0 5 10 15 20

Coordinate Along Vector (A)

Figure 3.13: Total work during SMD simulations.
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4. CONCLUSIONS AND RECOMMENDATIONS

Steered Molecular Dynamics simulations appear to be an effective Molecular
Dynamics technique to model conformational changes in motor proteins. It can be
applied to motor proteins in an efficient manner and results are reproducible. The
reproducibility of the methodology was supported by the accord of our SMD results
and thus of the earlier study by Liu et al [16]. SMD simulations applied to the linker
of dynein achieved a large movement, thus, modeling a significant part of the linker
conformational transition between its bent and straight conformations. However, the
results clearly show that optimization in the selection of steered atoms, steered atoms,

pulling vector and spring constants are required.
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