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MODELING THE LINKER MOVEMENT OF THE DYNEIN MOTOR 

PROTEIN AT ATOMIC RESOLUTION 

SUMMARY 

Eukaryotic cells are required intracellular order to perform fundamental activities. 

Intracellular organization of the eukaryotic cells are provided by cytoskeletal motor 

proteins moving across the cytosolic tracks, which are microtubules (MT) and actin 

filaments, by hydrolyzing Adenosine Triphosphate (ATP). These motor proteins take 

crucial roles in the eukaryotic cells, such as ciliary beating, muscle contractions, cell 

divisions, vesicular transport, and neuronal development and transportation.  

Cytoskeletal motor proteins are differ in their structure, movement direction, cytosolic 

tracks that they bind, and the cargos that they carry. These motor proteins are divided 

in three families; kinesin, dynein, and myosin families. Members of kinesin and dynein 

families move along the MT, whereas myosin family members move along the actin 

filaments. Kinesin protein family comprises members moving to plus (+) or minus (-) 

end of the MT.  Myosin family member motor proteins move either to barbed (+) or 

pointed (-) end of the actin filaments. Dynein motor proteins, on the other hand, move 

towards to minus end of the MT.  

Cytoplasmic dynein interacts with many intracellular pathways. Dyneins carry 

aggregated proteins, transcription factors mRNA containing particles, viruses, 

membrane-bound organelles, phagosomes, vesicles moving from the endoplasmic 

reticulum (ER) to Golgi, lipid droplets, lysosomes, melanosomes, peroxisomes, 

mitochondria, and endosomes. In neurons, dynein drives retrograde transport towards 

the cell body and is required for neuronal migration, growth, and synapse formation. 

Numerous neurodegenerative diseases, including amyotrophic lateral sclerosis, 

Charcot-Marie-Tooth, Alzheimer's, Parkinson's and Huntington's, lissencephaly and 

ciliary dyskinesia. This close relationship necessitates; especially if new therapeutic 

strategies are considered; understanding the operation of dynein and functional 

malfunctions causing those diseases. Dynein also plays important roles in cell division, 

such as maintenance of the proper tension and length of the spindle, focusing MTs into 

spindle poles, and regulation of the spindle assembly checkpoint activation and proper 

chromosome segregation. 

Understanding how dynein generates motility and force on MTs is essential to develop 

novel chemical inhibitors/modifiers of dynein function for the treatment. Cytoplasmic 

dynein is composed of two identical dynein heavy chains (DHCs) and several smaller 

associated polypeptides. DHC contains a C-terminal motor domain (head) and an N-

terminal tail domain. The head contains six AAA modules (AAA1-AAA6) organized 

into a hexameric ring. ATP hydrolysis occurs in AAA1-AAA4 domains, where AAA1 

is the main ATP site and necessary for motility. In addition to the AAA+ domain, 

dynein also contains the linker, the stalk, the buttress, and the C-terminal domain. ATP 

binding and beginning hydrolysis results in a conformational change of the linker from 
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a straight conformation to a bent conformation. This conformational change is referred 

to as the priming stroke. Upon microtubule binding, the power stroke of dynein takes 

place during which the linker returns to a straight conformation. To the best of our 

knowledge, all-atom Molecular Dynamics (MD) simulations of the linker movement 

during the priming and power stroke have not been performed in the literature. 

Moreover, the energetics and structural mechanism remains to be elucidated. For the 

full-length dynein motor domain, only a very limited number of all-atom MD 

simulations studies exists in the literature. Recently, MD simulations of human dynein-

2 in its pre-power stroke state in the presence of explicit water and ions was performed 

in the literature. Using the solvated and equilibrated full-length motor domain 

conformation of this study (~800,000 atoms in size), an extensive set of new MD 

simulations totaling 500ns in length were performed. In these MD simulations, the 

linker domain is guided towards its post-power stroke structure and free energy surface 

along the transition is constructed. As a first step, an initial transition path of the dynein 

linker was constructed by using a combination of steered MD (SMD) simulations and 

constrained MD simulations. As a result of SMD simulations, conformations were 

sampled along the linker transition pathway and the steric clash due to the contact 

between the linker and the AAA4 were observed. Subsequently, umbrella sampling 

MD (UMD) simulations were performed. UMD simulations were performed to 

extensively sample the transition pathway and explore the energetics of the linker 

conformational transition. RMSD of the linker to its straight conformation was 

selected as the reaction coordinate𝜉. Wheighted Histogram Analysis Method 

(WHAM) was applied using the UMD simulations data. And the free energy surface 

as a function of 𝜉 was constructed. Free energy difference between of the bent and the 

straight conformations of the dynein linker was obtained ~−40 kJ/mol. Thus, 

indicating that linker movement during the priming stroke is energetically favorable.    

All UMD simulations were combined into a single trajectory and principal component 

analysis were performed to investigate main features of the linker transition. 

Distribution of inter and intra domain salt bridge of the linker were investigated along 

the transition pathway. 9 salt bridges forming or breaking during the linker transition 

were identified. Among them 6 salt bridges were present in the straight conformation 

while 3 were present in the bent conformation. 
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DİNEİN KUVVET KOLUNUN HAREKETİNİN ATOMİK 

ÇÖZÜNÜRLÜKTE MODELLENMESİ. 

ÖZET 

Ökaryotik hücrelerin sağlıklı bir şekilde çalışabilmesi için hücre içi ulaşım ve 

organizasyon son derece önemlidir. Hücre içi ulaşım ve organizasyon, hücrenin 

mikrotübülleri (MT’leri) ve aktin filamentleri üzerinde yürüyen motor protein aileleri 

tarafından gerçekleştirilir. Motor protein ailelerinin yapılarında, bağlandıkları 

sitozolik yollarda, sitozolik yollar üzerindeki hareket doğrultularında ve taşıdıkları 

kargolarda farklılıklar bulunmaktadır. Motor proteinleri üç aileye ayrılmaktadır; 

miyozinler, kinezinler ve dineinler. Miyozinler, aktin filamentleri üzerinde + veya – 

uca doğru hareket edebilirler. Benzer şekilde, kinezinler de MT’ler üzerinde + veya – 

yöne doğru hareket edebilirler. Dineinler ise MT’ler üzerinde – yöne doğru hareket 

ederler.  

Miyozin ailesi birçok alt aileye sahiptir. Miyozinler, farklı hücre tiplerinde ve 

organlarda bulunabilirler. Miyozin ailesinin genel olarak yapıları incelendiğinde 1000-

2000 amino asit uzunluğunda oldukları görülmektedir. Bu yapılar 3 bölgeye ayrılır; 

evrimsel olarak korunmuş olan baş yapısı ATPaz aktivitesine sahip olup myozinlerin 

hareketinden ve aktinlere bağlanmasından sorumludur, boyun bölgesi ise baş bölgesi 

ile kuyruk bölgesini bağlar. Ayrıca, düzenleyici proteinlerin bağlanması için bir 

bölgedir. Bu bölge hafif zincir bölgesi olarak adlandırılır, kuyruk yapısı ise yüklerin 

bağlanması ve myozinlerin dimerizasyon ve oligomerizasyonlarından sorumludur.  

Dineinler, AAA + (çeşitli hücresel Aktiviteler ile İlişkili ATPazlar) ailesinin üyesidir 

ve genellikle iki ana alt aileye ayrılır: aksonemal ve sitoplazmik dynein. Aksonemal 

dinein alt ailesi, flagella ve silianın vuruş hareketinden sorumludur. Sitoplazmik dinein 

alt familyası ise, taşıma, yönlendirilmiş hücre hareketi, mitoz bölünme ve hücre 

polarizasyonundan sorumludur  

Sitoplazmik dinein hücre içindeki birçok yollakla etkileşime girer. Dineinler, 

kümelenmiş proteinleri, transkripsiyon faktörlerini, mRNA içeren partikülleri, 

virüsleri, fagozomları, endoplazmik retikulumdan (ER) golgiye geçen vezikülleri, lipit 

damlacıklarını, lizozomları, melanozomları, peroksizomları, mitokondriyi ve 

endozomları çekirdeğe doğru taşıdığı bilinmektedir. Nöronlarda, dinein hücre 

gövdesine retrograd taşınımını yönlendirir ve nöronal göç, büyüme ve sinaps oluşumu 

için gereklidir. Sitoplazmik dineinlerin fonksiyonunda görülen 

bozuklukların/aksaklıkların, amyotrofik lateral skleroz, Charcot-Marie- Tooth, 

Alzheimer, Parkinson ve Huntington gibi birçok nörodejeneratif hastalıklar, lizensefali 

ve primer silyer diskinezi ile ilişkili olduğu ortaya konulmuştur. Bu belirtilen 

hastalıklar ile gösterdiği yakın ilişki sebebiyle özelikle tedavi açısından bakıldığında, 

sitoplazmik dinein motor proteininin nasıl çalıştığının anlaşılması ve çalışırken ne tür 

fonksiyonel aksaklıkların hastalığa sebep olduğunun belirlenmesi son derece 

önemlidir. Tıbbi önemlerine ek olarak, dineinler sahip oldukları özgün yapısal 

organizasyon sebebiyle nanoteknoloji uygulamalar yönünden ve alanında son derece 



xxiv 

önemli bir yere sahiptir. Protein mühendisliği uygulanarak yapısında 

gerçekleştirilecek değişikliklerle dineinler bir bütün olarak veya parçalar halinde 

nanoteknolojik uygulamalarda kullanılması son yıllarda önemli derecede ilgi çekmeye 

başlamış bir alan olmuştur.  

Dineinler hücre içerisinde iki ağır zincir ve bunlara bağlı küçük peptidlerle dimer halde 

bulunmaktadır. Dinein ağır zinciri C-terminali motor bölgesi ve N-terminali kuyruk 

bölgesinden oluşur. Motor bölgesi kafa, sap ve MT bağlanma bölgesinden oluşur. Kafa 

bölgesi 6 adet AAA+ (AAA1-6)’dan oluşan heksamerik bir halka oluşturur ve bu 

halkadan 4 adet uzantı çıkmaktadır; kuvvet kolu, sap, payanda ve C-terminal bölgesi. 

Halka oluşumu AAA ailesinin üyelerinde ortak özelliktir, bu halka oluşumu AAA alt 

ailesinin protomerleri toplandığında meydana gelir. Miyozinler ve kinesinler ağır 

zincirlerinde sadece bir ATP bağlanma bölgesine sahipken, dineinlerin baş 

bölgesindeki AAA bölgelerinin ilk dördü (AAA 1-4) korunmuş Walker A (P-halka 

(fosfat bağlanma halkası) bölgesi) nedeniyle ATP'yi bağlayabilir ve katalitik aktiviteye 

sahiptir. AAA1 bölgesi, ATP'nin bağlanmasından ve ATP'nin hareketlilik için güç 

üretmek üzere hidrolize edilmesinden sorumludur; AAA1 rolünden farklı olarak, 

AAA3 bölgesi, ATP'nin hidrolize olması nedeniyle AAA1 ve kuvvet kolu arasında 

yapısal değişiklikler ileten bir düzenleme anahtarı gibi çalışır. Dinein MTBD alanı, 

kafaya, 10-15 nm uzunluğunda, anti paralel sarmal-sarmal sapla bağlanır. 

Dinein mekanokimyasal çevrimi AAA1 bölgesi, kuvvet kolu ve sap arasındaki 

koordinasyonu gerektirir. Hareketlilikten sorumlu olan AAA1 bölgesinin nükleotit 

durumu çevrim için önemlidir. Bu nedenle, AAA1 bölgesinin apo, ATP, ADP olarak 

3 farklı nükleotit durumuna sahiptir. Dinein sapı, kafa ve dinein MT bağlanma bölgesi 

arasında iletişimi gerçekleştirmektedir. Bu iletişim, sapın yapısal hareketi ile sağlanır. 

Sap α ve β olmak üzere iki yapıda bulunabilir; α yapısında dinein MT bağlanma 

bölgesi yoluyla MT'ye kuvvetli bir şekilde bağlanırken, β yapısındayken dinein MT'ye 

bağlı değildir. Dinein kuvvet kolu, dinein mekanokimyasal çevrimi sırasında düz ve 

bükük yapılar arasında geçiş oalcak şekilde konformasyonel değişime uğrar. Kuvvet 

kolunun düz yapısında pre: güç stroku öncesi, bükük yapısına ise post: güç stroku 

sonrası yapılar denilmektedir. Kuvvet kolu bükük yapıda iken, N-terminali AAA2-

AAA3 ile temas ettiği yerdedir. Kuvvet kolu düz yapıda iken ise N-terminali AAA4’te 

veya AAA5’te bulunur. Dineinin AAA1 bölgesinde herhangi bir nükleotid bağlı 

olmadığı durumda kuvvet kolu AAA5’te, ADP bağlı iken ise AAA4'te bulunur.  

Dinein motorunun mekanokimyasal çevrimi en az beş farklı termodinamik hal ile 

(TH1-5) tanımlanabilir. Dinein termodinamik halini tanımlamak için 3 parametre 

kullanılacaktır. Bunlar AAA1'in nükleotid durumu, sap yapısı ve kuvvet kolunun 

yapısı olarak sıralanmaktadır. İlk termodinamik halinde (TH1); dinein AAA1 bölgesi 

Apo durumunda, sap α yapısında ve kuvvet kolu ise düz yapıdadır. (TH1: Apo, α, 

post). Daha sonra, ATP dineinin AAA1 bölgesine bağlanmakta, dinein MT’den 

ayrılmakta ve sap α yapısından β yapısına geçmektedir. Bunların sonucunda dinein 

ikinci termodinamik hale geçmektedir (TH2: ATP, β, post). Ardından, AAA1 

bölgesinde ATP hidrolizi başlamaktadır ve kuvvet kolu bükük yapıya geçmektedir. 

Böylelikle dinein 3. termodinamik hale geçmektedir (TH3: ADP.Pi, β, pre). Daha 

sonra, dynein MT'ye tekrar bağlanmakta, sap α yapısına geri dönmekte ve AAA1 

bölgesinden fosfat salınmaktadır. Bunun sonucunda dinein 4. Termodinamik hale 

geçmektedir. (TH4: ADP, α, pre). Daha sonra, kuvvet kolu bükük yapıdan düz yapıya 

doğru hareket edip güç strokunu gerçekleştirmektedir. Bunun sonucunda dinein 5. 

Termodinamik hale geçmiş bulunmaktadır (TH5: ADP, α, post). 
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Literatürdeki dinein motor bölgesi yapıları incelendiğinde, sadece TH3 ve TH5 

halindeki yapıların bulunduğu görülmüştür. Bu tez çalışmasında, ilk adım olarak 

kuvvet kolunun TH3yapısından başlayarak TH2’deki yapısına ulaşma amaçlı olarak 

bir dizi moleküler dinamik (MD) simülasyonları gerçekleştirilmiştir. Bu amaca 

yönelik olarak TH5’teki kuvvet kolu yapısı hedef olarak konulmuş ve bu hedefe doğru 

kuvvet kolu hareketi yönlendirilmiş MD simülasyonları ve kısıtlanmış MD 

simülasyonlarının bir kombinasyonu olan protokol ile modellenmiştir. Bu modelleme 

sonucunda ortaya çıkan kuvvet kolu hareketi, sonrasında gerçekleştirilen şemsiye 

örneklendirilmesi ile detaylandırılmış ve kuvvet kolu hareketi ile ilgili geniş yapısal 

örnekleme elde edilmiştir. 

Çalışmanın başında SMD parametrelerini belirleyebilmek adına literatür çalışması 

yapılmış ve hız 1 Å/𝑛𝑠 olarak belirlenmiştir. Daha sonrasında SMD atomlarını ve 

sabitlenecek atomları belirleyebilmek adına sırasıyla 3 set deneme simülasyonları 

yapılmış ve kuvvet kolunun modellenmesi için uygun olan parametreler elde 

edilmiştir. Kuvvet kolunun modellenmesi için yapılan birbirini takip eden 11 MD 

simülasyonu döngüsü gerçekleştirilmiştir. Her bir MD simülasyonun döngüsünde bir 

adet SMD simülasyonu ve onu takip eden bir adet kısıtlanmış MD simülasyonu 

gerçekleştirilmiştir.  SMD simülasyonlarında kuvvet kolu üzerinde kuvvet uygulama 

suretiyle sabit hızda hedefe doğru ilerletilmektedir. Kısıtlanmış MD simülasyonlarında 

ise kuvvet kolu dış kuvvetlerle SMD sonucunda geldiği pozisyonda sabitlenmektedir. 

8. MD döngüsünde kuvvet kolu, dineinin baş yapısı ile yapısal çakışma yaşamıştır. Bu 

yapısal çakışmanın daha önceden olabileceği literatürde belirtilmiş ancak atomik 

düzeyde kanıtlanmamıştır. Kuvvet kolunun bükük yapısından başlayarak çakışmanın 

gerçekleştiği düz yapısına kadar olan geçişin daha detaylı örneklemek için şemsiye 

örneklemeleri yapılmıştır. Şemsiye örneklendirilmesinde bir reaksiyon koordinatı 

belirlenip, sistemin o reaksiyon koordinatının belli bir değerini örneklemesi için dış 

potansiyel uygulanmaktadır.  Şemsiye örneklemesi için belirlenen reaksiyon 

koordinatı kuvvet kolunun düz yapısına olan ortalama karesel sapması belirlenmiştir. 

Şemsiye örneklemesi için gerekli olan yapılar MD simülasyon döngülerinin 

sonlarındaki yapılar seçilmiş ve örneklenmeye başlanmıştır. Daha sonrasında elde 

edilen yapıların dağılımları incelenerek ana bileşenler analizi tüm reaksiyon koordinatı 

üzerinde gerçekleştirilerek şemsiye örneklemesi MD simülasyonları süresince dinein 

kuvvet kolunun yaptığı başlıca hareketler belirlenmiştir. Daha sonrasında ağırlıklı 

histogram analizi yöntemi kullanılarak dineinin kuvvet kolunu hareketi sırasında 

oluşan serbest enerji yüzeyi reaksiyon koordinatının bir fonksiyonu olarak 

oluşturulmuştur. Elde edilen serbest enerji profiline göre kuvvet kolunun ATP 

bağlandıktan sonra TH2’den TH3’e geçişi enerjetik açıdan elverişli bir proses olduğu 

görülmüş olup bunun sonucunda serbest enerji değişimin ~ −40 𝑘𝐽/𝑚𝑜𝑙 olduğu 

görülmüştür.  Daha sonrasında ise açığa çıkan enerji farkının nereden geldiğini analiz 

etmek için kırılan ve yeniden kurulan tuz köprüleri MD simülasyon yörüngeleri 

boyunca incelenmiş ve reaksiyon koordinatına göre gruplandırılarak, kuvvet kolunun 

hareketi süresince nerede hangi bağların kurulduğu ve bozulduğu atomik boyutta 

incelenmiştir. Kuvvet kolu hareketi sırasında 9 tane tuz köprüsünün kırıldığı ve 

oluştuğu görülmüştür. Bunlardan 6 tanesi düz yapıda, üç tanesi ise bükük yapıda 

mevcuttur. Kırılan ve tekrardan kurulan tuz köprülerin serbest enerji yüzeyi ile uyumlu 

olduğu ve proses için önemli olduğu sonucunda varılmıştır.  

Tez çalışması sonucuna, dinein mekanokimyasal çevriminde literatürde henüz tam 

anlamıyla aydınlatılmamış bir dinein termodinamik hali olan TH2 ile ilgili son derece 

önemli bilgiler elde edilmiştir.  
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 INTRODUCTION 

Eukaryotic cells are required intracellular order to perform fundamental activities. 

Intracellular organization of the eukaryotic cells are provided by cytoskeletal motor 

proteins that move across the cytosolic tracks, which are microtubules (MT) and actin 

filaments, by hydrolyzing Adenosine Triphosphate (ATP). These motor proteins take 

crucial roles in the eukaryotic cells, such as ciliary beating (Gibbons, 1963; Hirokawa, 

Noda, Tanaka, & Niwa, 2009), muscle contractions (Schliwa, 1999), cell divisions, 

vesicular transport (Schliwa, 1999), and neuronal development and transportation 

(Hirokawa et al., 2009).  

Cytoskeletal motor proteins are differ in their structure, movement direction, cytosolic 

tracks that they bind, and the cargos that they carry. These motor proteins are divided 

in three families, they are kinesin, dynein, and myosin families. Members of kinesin 

and dynein superfamilies move along the MT, other, myosin family members move 

along the actin filaments. Kinesin protein family has members that can move to plus 

(+) or minus (-) end of the MT, similarly myosin motor proteins can also move to 

barbed (+) or pointed (-) end of the actin filaments (Schliwa, 1999; Wells et al., 1999). 

Unlike, dynein motor proteins mostly move towards to minus end of the MT (Roberts, 

Kon, Knight, Sutoh, & Burgess, 2013).  

 Myosin 

The myosin superfamily is a distinct protein family, members that belong this family 

are gathered into numerous classes (Odronitz & Kollmar, 2007). Myosin was firstly 

found in the muscle cells, and they were found to be responsible for muscle 

contraction. However, myosins can be found in different cell types and organs 

(Maupin, Phillips, Adelstein, & Pollard, 1994), and their localization depends to their 

functional and structural properties (Syamaladevi, Spudich, & Sowdhamini, 2012; 

Thompson & Langford, 2002). Myosins have generally 1000-2000 amino acids long 

structure, and constitute from three domains; head domain, which is conserved, has 

ATPase activity and responsible for movement and actin binding; neck domain 
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connects head and tail domains, and this domain called light chain with bound 

regulatory proteins; the tail domain, which is variable, responsible for binding of 

various cargos, dimerization and oligomerization of myosins (O'halloran, Ravid, & 

Spudich, 1990; Syamaladevi et al., 2012).  

 Kinesin 

Kinesin was firstly discovered for their roles in carrying cargos towards to the axon 

terminal in giant axon of the squid (Brady, 1985; Vale, Reese, & Sheetz, 1985). The 

kinesin superfamily has 15 members, that most of them move towards to plus-end of 

the MT, only Kinesin-14 subfamily moves to the minus-end of the MT (Hirokawa et 

al., 2009; Yamada, Tanaka-Takiguchi, Hayashi, Nishina, & Goshima, 2017), and these 

members divided into three groups according to the location of the motor domain in 

the structure: N-Kinesins that move towards to plus end of the MT; C-Kinesins that 

move towards to minus end of the MT; and M-Kinesins that depolymerize the MT 

(Dagenbach & Endow, 2004; Hirokawa, 1998). Kinesins have generally 700-1800 

amino acids long structure, and, constitute from three domain, like myosins; head 

domain, which has ATPase activity and is responsible for movement and MT binding; 

α-helical stalk domain is responsible for dimerization and oligomerization of the 

kinesins in higher order and connect head and tail domains; tail domain is responsible 

for binding of various cargos and various subfamily specific functions (Cochran, 2015; 

Hirokawa et al., 2009).  

 Dynein 

Dynein was firstly identified in Tetrahymena pyriformis’ cilia where it responsible for 

the cilia beating (Gibbons, 1963). Thereafter, two different dynein isoforms were 

identified; firstly, identified in calf brain where it responsible for movement in the 

cytoplasm (Cytoplasmic Dynein-1) (Paschal, Shpetner, & Vallee, 1987; Paschal & 

Vallee, 1987); later, identified in Chlamydomonas where it responsible transporting 

components that needed for flagellar assembly (Cytoplasmic Dynein-2) (Pazour, 

Dickert, & Witman, 1999; Porter, Bower, Knott, Byrd, & Dentler, 1999). Dyneins are 

member of  AAA+ (ATPases Associated with diverse cellular Activities) family 

(Neuwald, Aravind, Spouge, & Koonin, 1999), and generally diverged to two main 

subfamily: axonemal and cytoplasmic dynein (Grotjahn & Lander, 2019; Höök & 
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Vallee, 2006). Axonemal dynein subfamily is responsible for beating of flagella and 

cilia; cytoplasmic dynein subfamily is responsible for transporting, directed cell 

movement, mitosis, and cell polarization (Höök & Vallee, 2006).  

Cytoplasmic dynein (referred to hereafter as dynein) interacts with many intracellular 

pathways. Dyneins carry aggregated proteins (Johnston, Illing, & Kopito, 2002), 

transcription factors (Harrell et al., 2004), mRNA containing particles (Bullock, Nicol, 

Gross, & Zicha, 2006), viruses (Dodding & Way, 2011), and membrane-bound 

organelles, so far known to be transported by dynein: phagosomes (Blocker et al., 

1997), vesicles that move from the endoplasmic reticulum (ER) to golgi (Presley et 

al., 1997), lipid droplets (Gross, Welte, Block, & Wieschaus, 2000), lysosomes 

(Jordens et al., 2001), melanosomes (Gross et al., 2002), peroxisomes (Kural et al., 

2005), mitochondria (Pilling, Horiuchi, Lively, & Saxton, 2006), and endosomes 

(Driskell, Mironov, Allan, & Woodman, 2007), towards the nucleus. In neurons, 

dynein drives retrograde transport towards the cell body (Schnapp & Reese, 1989) and 

is required for neuronal migration (Sasaki et al., 2000), growth (Barakat-Walter & 

Riederer, 1996), and synapse formation (Cheng et al., 2006).  Numerous 

neurodegenerative diseases, such as degeneration (Hafezparast et al., 2003) and 

sensory neuropathy in motor neurons (El‐Kadi, Soura, & Hafezparast, 2007), 

amyotrophic lateral sclerosis (ALS) (Soo, Farg, & Atkin, 2011), Alzheimer's disease, 

Huntington's disease, Parkinson's disease, lissencephaly, and schizophrenia (Eschbach 

& Dupuis, 2011), are related with the glitch in dynein motility. Dynein also plays 

important roles in cell division, such as maintenance of the proper tension and length 

of the spindle (Gaetz & Kapoor, 2004), focusing MTs into spindle poles (Heald et al., 

1996), and regulation of the spindle assembly checkpoint activation and proper 

chromosome segregation (Howell et al., 2001). 

1.3.1 Dynein structure 

Dynein is present in dimer form (1.4 MDa) in the cell, and constitutes two identical 

dynein heavy chains (DHCs) and associated small peptides (Perrone et al., 2003). 

While myosins’ and kinesins’ heavy chain size in broad range, DHCs have similar 

size, which is between 471 and 540 kDa (Holzbaur & Vallee, 1994; Vallee & Sheetz, 

1996). DHC is composed of a C-terminal motor domain and an N-terminal tail domain. 

The head constitutes a hexameric ring of six AAA+ (AAA1-6, 15 nm in diameter) and 

four extensions emerge from the hexameric ring of dynein; the linker, the stalk, the 
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buttress, and the C-terminal domain (Burgess, Walker, Sakakibara, Knight, & Oiwa, 

2003). Ring formation is common property in members of AAA superfamily, this ring 

formation occurs when protomers of AAA subfamily are collocated (Vale, 2000). 

Dyneins also form hexameric ring, nevertheless, all AAA modules are sorted into one 

single polypeptide (Vale, 2000). While myosins and kinesins have only one ATP 

binding site at their heavy chain, dyneins’ first four of the AAA modules (AAA1-4) 

of the head can bind ATP due to conserved Walker A (P-loop (phosphate binding loop) 

domain) motifs and have catalytic activity (Ogawa, 1991). AAA1 module is 

responsible for binding ATP and hydrolyzing ATP to generate power for motility 

(Bhabha et al., 2014); unlike AAA1 role, AAA3 module works like a regulatory 

switch, that transmits conformational changes between AAA1 and linker, due to 

hydrolyzing ATP (Kon, Nishiura, Ohkura, Toyoshima, & Sutoh, 2004). MTBD 

domain of dynein is connected to head with stalk, which can be 10-15 nm long, 

antiparallel coiled-coil.  

 

Figure 1.1 : Schematic representation of Dynein and Linker. A) Illustrative 

representation of cytoplasmic dynein domains linker, AAA+ ring, buttress, stalk and 

MTBD. B) Crystal structure of the cytoplasmic dynein (PDB ID 4RH7 (Schmidt, 

Zalyte, Urnavicius, & Carter, 2015)) shown in surface representation using the same 

color selection as in A).  On the right hand side, the static region of the linker (H11-

H18) is shown in a darker tone of magenta while the rigid-body moving region of the 

linker (H5-H9) is shown in a lighter tone.  Hinge helix (H10) is shown in violet. 

1.3.2 Dynein mechanochemical cycle 

The cytoskeletal motors have differences in many aspects, but they follow similar 

mechanochemical cycle which is done by successive steps that ended with movement 

of the associated cargos. Dynein mechanochemical cycle relatively complex the other 

motor proteins. Because of the dynein mechanochemical cycle requires the 

coordination between the AAA1 module, the stalk, and the linker. AAA1 module 
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responsible for the motility, so, nucleotide state of the AAA1 module is important for 

the cycle. Therefore, AAA1 module has 4 different nucleotide states apo, ATP, 

ADP.Pi, ADP. Stalk of the dynein requires for the communication of the head and 

MTBD of dynein. This communication is provided by movement of the stalk registry. 

There is two stalk registry α and β; while, in α registry dynein strongly bounded to the 

MT via MTBD, in β registry dynein released from the MT. The last part of the 

coordination is linker. Linker is important for the movement of the dynein, it connects 

the dynein head and tail domain. Dynein linker undergoes the conformational change 

during the mechanochemical cycle, and has two different states; pre: pre-powerstroke 

state that the linker is in a bent conformation and where its N-terminus contacts AAA2-

AAA3 (Gee, Heuser, & Vallee, 1997; Kon et al., 2004), and post: post-powerstroke 

state, the linker is in a straight conformation, when the AAA1 domain of the dynein is 

empty or ADP bound, the linker is in a straight conformation and exiting the ring at 

AAA4 (Kon et al., 2004; Schmidt et al., 2015).  The mechanochemical cycle of the 

dynein motor can be described at least five distinct thermodynamic states (TS1-5). 

States will indicated by four indicators; (Thermodynamic State Number: nucleotide 

state of AAA1, stalk registry, and linker conformation). At the first thermodynamic 

state (TS1); AAA1 module of the dynein in the Apo state, stalk registry in α state, and 

the linker straight conformation (TS1: Apo, α, post). Subsequently ATP binding to the 

AAA1 module triggers MT release (Burgess et al., 2003) of the dynein due to shift 

occurs in the stalk from the α registry to the β registry (TS2: ATP, β, post) (Kon et al., 

2009; Kon et al., 2004). Then, ATP hydrolysis starts in the AAA1 domain, and the 

linker into the bent conformation (TS3: ADP.Pi, β, pre). Dynein stepping towards to 

the minus-end due to generated net bias by the conformational change, which called 

as the priming stroke (Kon et al., 2012; Roberts et al., 2009; Schmidt, Gleave, & 

Carter, 2012). After, dynein rebinds the MT, stalk coiled-coils shift back to the α 

registry, and the phosphate released from the AAA1 module (TS4: ADP, α, pre). 

Subsequently, the linker moves from the bent to the straight conformation. This is 

referred to as force-generating powerstroke (TS5: ADP, α, post) (Kon et al., 2012; 

Roberts et al., 2009; Schmidt et al., 2012). Dynein is expected to switch back to state 

1 after ADP release without significant conformational arrangement of its stalk and 

the linker.  
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Figure 1.2 : Mechanochemical cycle of the dynein. The AAA+ ring is composed of 

six AAA domains and binds to MTs through a coiled-coil stalk with a small MTBD. 

The linker undergoes ATP dependent conformational changes and generates force 

and motility, synchronized with MT binding/unbinding cycles. 

1.3.3 Linker 

The linker is composed by four domains: Link1-4. Link1 domain including H4-H7 

helices, Link2 domain including H7-H9 helices, Link3 domain including H11-H14 

helices, and Link4 domain including H15-H18 helices (Kon et al., 2012; Schmidt et 

al., 2012). The region Link3-4 stays rigid during the linker transformation and does 

not move with respect to the AAA ring (Fig. 3 A). The region Link1-2 performs rigid 

body motion, where it is in contact with AAA4-5 in its (TS5: ADP, α, post) straight 

form and in contact with AAA2-3 in its (TS1: Apo, α, post) bent form. H10 acts as a 

hinge and adopts a curved/bent conformation upon linker movement. Schmidt et al. 

(Schmidt et al., 2015) superimposed the straight linker structure of dynein (TS5: ADP, 

α, post) onto the bent linker structure of dynein (TS3: ADP.Pi, β, pre) via Link3-4. 

This alignment resulted in an overlap between Link1-2 of the straight linker structure 
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and AAA4 of dynein (TS3: ADP.Pi, β, pre). Based on the available crystal structures, 

their conclusion was that ADP.Vi binding to AAA1 site induces linker bending 

through the closure of AAA1/AAA2 ring. This, in turn, induces a steric clash between 

the linker and AAA4, driving it into a bent conformation that is primed to produce 

force. 
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 METHODOLOGY 

 MD Simulation Details 

Initial conformation of this study was selected from the dynein (TS3*: ATP, β, pre) 

motor domain MD simulations in our previous study (Can, Lacey, Gur, Carter, & 

Yildiz, 2019). In the previous study, pre-power stroke conformation of the human 

dynein-2 (PDB 4RH7 (Schmidt et al., 2015)) structure had been used, mutated residues 

were reversed and missing residues were completed. Obtained structure was solvated 

in a water box using TIP3P explicit water model having at least 15 Å cushion of water 

in each direction by using “Solvate Plugin” of VMD (Humphrey, Dalke, & Schulten, 

1996). Solvated system was ionized with 1 mM MgCl2 and 150mM KCl, then ionic 

charge of the total system was neutralized with KCl. At the end, obtained system 

constitutes of 781,332 atoms. 3 sets of MD simulations were performed for dynein 

(TS3*: ATP, β, pre) and the final conformation of the first set was selected for our 

current study. Please refer to our earlier study (Can et al., 2019) for  MD simulations 

details. 

In this study, all simulations were performed in NAMD 2.13 (J. C. Phillips et al., 2005) 

(with both NVIDIA CUDA acceleration and multicore versions) using the 

CHARMM36 all-atom additive protein force field (Best et al., 2012). Time step of the 

simulations were set to 2 fs. van der Waals (vdW) interactions were truncated at 12 Å 

cut-off distance. Long-range electrostatic forces were calculated using Particle-Mesh 

Ewald (PME) method. The simulations were performed under 𝑁𝑃𝑇 conditions, 

constant particle (𝑁), constant pressure (𝑃), and constant temperature (𝑇), temperature 

were kept at 310 K, and pressure were kept at 1 atm. Langevin dynamics were used 

for maintaining isothermal conditions with 1 ps-1 of damping coefficient. For 

maintaining pressure constant, 100 fs of the oscillation period and 50 fs of damping 

time scale were used in Langevin Nosé-Hoover method. Simulations were recorded 

every 5 ps.  
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 Modelling the Linker Movement of Dynein with Steered MD Simulations  

2.2.1 Theory 

The major dynein movements takes place in during the following transitions of the 

dynein mechanochemical cycle: (TS2: ATP, β, post)  (TS3: ADP.Pi, β, pre), and 

(TS4: ADP, α, pre)  (TS5: ADP, α, post). However, only two complete structures of 

dynein motor (TS3 (4RH7) and TS5 (3VKG)) are available in the literature. 

Furthermore, general assumption for the linker structure in the literature, linker 

structure of TS1, TS2, and TS5 can be accepted as similar. So, linker structure of TS2 

was taken from linker structure of TS5, as a representatively. We have procured full 

length dynein motor in (TS3*: ATP, β, pre) form well equilibrated, and it is used as 

initial structure for MD simulations. For modeling the linker transition from (TS2: 

ATP, β, post) to (TS3: ADP.Pi, β, pre), this transition was modeled in reverse direction 

of the mechanochemical cycle by application of external work: from (TS3*: ATP, β, 

pre) to (TS2: ATP, β, post). The required work is applied to the system via SMD and 

TMD simulations and the movement of the linker is performed. 

Probing biological processes on time scales that accessible to MD simulations are done 

with Steered MD (SMD) simulations, and can be used for defining the binding 

pathway of ligands and explaining the elastic properties of proteins (Isralewitz, Gao, 

& Schulten, 2001). Applying external force to the atom or atoms along a vector to pull 

is form the core idea of SMD simulations. The pulling process can be carried out at a 

constant speed or by applying a constant force (J. Phillips, Isgro, Sotomayor, & Villa, 

2003).  

In this study, constant velocity pulling was performed. The center of mass of a group 

of ‘steered’ atoms (referred to hereafter as SMD atoms) binds to a dummy atom with 

a virtual spring. The dummy atom is pulled at a constant velocity along the ‘pulling 

direction’ and the following force is applied along the vector to the SMD  atoms,(J. 

Phillips et al., 2003) 

𝐅 =  −∇𝑈 (1) 

𝑈 =
1

2
𝑘[𝐯𝑡 − (𝐑 − 𝐑0) ∙ 𝐧]2 

(2) 

Here, the potential energy refers as 𝑈, the spring constant refers as 𝑘, the pulling 

velocity refers as 𝐯, the time refers as 𝑡, the current coordinates of the center of mass 
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of the SMD atoms refer as 𝐑, the initial coordinates of the center of mass of SMD 

atoms refer as 𝐑0, and the direction of pulling refers as 𝐧 (J. Phillips et al., 2003).  

While Linker1-2 (E1257-G1396, in human dynein-2) domain performs a rigid body 

motion, Linker 3-4 (P1427-Q1650, in human dynein-2) domain stays static during the 

linker swing motion. When the dynein linker structure comparison of between (TS3: 

ADP.Pi, β, pre) and (TS2: ATP, β, post) states were showed that; static region has an 

RMSD of 1.79 Å, when alignment through Cα atoms of this region, and linker region 

that performs rigid body motion has an RMSD of 1 Å, when alignment through Cα 

atoms of this region. H10 comprising residues I1397-A1425 residues acts as hinge. 

Static regions of dynein (TS3*: ATP, β, pre) and (TS2: ATP, β, post) linker were 

aligned for defining SMD pulling vector. Subsequently, the vector pointing from the 

center of mass coordinates of SMD atoms in (TS3*: ATP, β, pre) to those in (TS2: 

ATP, β, post) was constructed (Fig. x A).  

2.2.2 Selection of SMD simulation parameters 

According to the SMD simulation theory, selection of the spring constant should be 

determined by the SMD atoms can closely follow the reaction coordinate (satisfying 

stiff-spring approximation), but yet soft enough to allow small deviations (Isralewitz 

et al., 2001). This means that, the thermal oscillations of the linker are in the order of 

applied external forces, therefore, the process proceeds close the equilibrium during 

the SMD simulations.  

A three set of SMD atoms and fixed atoms selection were tested to determine the best 

selection of atoms yielding minimal internal structural deformation in the static and 

rigid-body moving regions of the linker, while successfully steering the linker towards 

its target structure. In this study, the pulling velocity of 1 Å/𝑛𝑠 was selected. And, 

spring constants of 10, 25, 50, 75, and 100 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙/Å2  were tested for determining 

optimal spring constant for SMD simulation. 

At the first trial, L1264, L1309, and V1325 residues, which found on almost the tip of 

the linker1-2 domain helices, were selected as SMD atoms, and L1415 and N1416 

residues were selected as fixed atoms. Pulling direction was selected from the center 

of mass of the Cα atoms of the residues L1264, L1309, and V1325 to the center of 

mass of the Cα atoms of corresponding residues on Dictyostelium discoideum dynein, 

which are L1531, I1572, and A1588. First trial was immediately failed, structural 
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deformations were observed on the linker structure. After that, fixed atoms were 

expanded to residues L1415-A1425. For this trial, first simulations were performed 

successfully and 25 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙/Å2 was selected for further simulations as it was large 

enough. But, structural deformations were observed in the further simulations. Then, 

SMD atoms and fixed residues were changed and expanded.  Cα atoms of residues 

G1256-G1271 (H4), K1296-K1313 (H5), and E1322-W1349 (H7) were selected as 

SMD atoms. Based on the sequence alignment (Fig. 3 B) the corresponding residues 

on Dictyostelium discoideum dynein, which will be selected as the end point of the 

pulling direction vector, are G1523-W1538 (H4), D1559-K1576 (H5), and E1585-

W1612 (H7). During the steering process, Cα atoms of L1415-A1424 (H10-hinge) and 

D1434-G1442 (H12) were kept fixed. After, spring test simulations, 50 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙/Å2 

was selected for further simulations. 

Dynein linker was pulled for 5 ns, which means dummy atom was moved by 5 Å along 

the pulling direction. Subsequently, 5 ns of constrained MD (CMD) simulations were 

performed. The aim of performing the CMD simulations are correcting the structural 

deformation that occurred in the SMD simulations in H4-H10. Furthermore, CMD 

simulations allow the dynein motor structure to optimize around this new 

conformation of the linker. Since H4-H9 perform rigid body transition during linker 

movement, constrains center for H4, H5 and H7 Cα atoms were set by aligning H4, H5 

and H7 of dynein (TS3*: ATP, β, pre) to the end conformer of SMD. In addition, 

constrains were also applied to residues G1256-G1271 (H4), K1296-K1313 (H5), 

E1322-W1349 (H7), L1415 - A1424 (H10) and D1434 - G1442 (H12). Force constants 

of 1 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙/Å2 were applied for the harmonic constrains.  
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 Alignment of the cytoplasmic dynein linker in bent conformation (PDB: 

4RH7) with straight conformation (PDB: 3VKG). A) Linker bent conformation 

(Purple) and straight conformation (transparent grey). Orange color indicated 

residues are SMD atoms, green color indicated residues are aligned atoms, and cyan 

colored atoms are fixed atoms. B) Sequence alignment is performed for two 

structures and sequences of the alpha helices and beta sheets are shown in the 

alignment. 
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 Modelling the Linker Movement with Targeted MD Simulations 

2.3.1 Theory 

In TMD simulations (Engels, Jacoby, Krüger, Schlitter, & Wollmer, 1992; Schlitter, 

Engels, & Krüger, 1994) a bias potential in addition to the usual MD force field is 

applied to accomplish (usually large) conformational changes, which are otherwise not 

accessible at standard MD simulations lengths. For TMD simulations performed using 

the NAMD software package, the selected subset of atoms in the simulation is guided 

towards a final 'target' structure by means of steering forces which are evaluated as the 

gradient of the following potential 

𝑈𝑇𝑀𝐷 =
1

2

𝑘

𝑁
[ 𝑅𝑀𝑆𝐷(𝑡) −  𝑅𝑀𝑆𝐷∗(𝑡)] 2 

(3) 

Here, 𝑅𝑀𝑆𝐷(𝑡) is the instantaneous best-fit root mean square deviation (RMSD) of 

the current coordinates from the target coordinates. The term 𝑅𝑀𝑆𝐷∗(𝑡) evolves 

linearly from the initial RMSD at the first TMD step to the final RMSD at the last 

TMD simulation step. 𝑘 is the spring constant and 𝑁 is the number of selected subset 

of atoms to be biased toward the target (targeted atoms). 

We have selected the Cα atoms of residue stretches G1256-G1271 (H4), K1296-K1313 

(H5), E1322-W1349 (H6), L1415-S1424 (H10), D1434-G1442 (H12), P1447-L1457 

(H13), I1461-F1466 (S3), H1472-S1478 (S4), V1483-P1491 (S5), V1496-V1523 

(H14), S1536-D1550 (H15) of the dynein linker as the subset of atoms to be guided 

via TMD simulations. Linker structure of 3VKG was selected as the TMD target 

structure. Spring constants 50, 100, 200, and 400 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙/Å2  were tested, among 

which k=400 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙/Å2 was strong enough for 𝑅𝑀𝑆𝐷(𝑡) to follow 𝑅𝑀𝑆𝐷∗(𝑡)  

closely. 

 Umbrella Sampling and Weighted Histogram Method for Free-Energy 

Calculations 

In conventional MD simulations, sampling of the microscopic system of interest with 

rare conformations almost impossible within the available computing time. Because, 

the system can be samples the global minimum. At this position, system could not 

climb over the energy barriers for a long time. For overcome this obstacle, Torrie and 

Valleau developed a sampling method that called Umbrella Sampling (US) (Torrie & 
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Valleau, 1977). In this method, the system is simulated with an artificial biasing 

potential, this also called window potential, to sample the neighborhood of chosen 𝜉. 

For probing whole sampling space of the system, multiple US simulations are required. 

In Umbrella Sampling, MD simulations are performed using a modified potential 

energy function of the following form (Kumar, Rosenberg, Bouzida, Swendsen, & 

Kollman, 1992; Souaille & Roux, 2001) 

𝑈𝑖(𝐑) = 𝑈𝑜(𝐑) + 𝐻𝑖(𝜉(𝐑)) (4) 

Here, the 3N-dimensioned vector defines protein structure (N is the total atom number) 

refers as 𝐑. The potential energy of the molecular system refers as 𝑈𝑜(𝐑), the reaction 

coordinate (or coordinate of interest) refers as 𝜉, and some perturbing potential refers 

as 𝐻𝑖(𝜉(𝐑)). By adjusting 𝐻𝑖(𝜉(𝐑)) any region along the reaction coordinate can be 

sampled.  

In the present study, 𝜉 is the RMSD of the linker conformation with respect to its target 

structure (PDB ID: 3VKG). 𝐻𝑖(𝜉(𝐑)) is selected to be an harmonic restraint to the 

reaction coordinate having 𝜉𝑖 as equilibrium position and 𝑘𝑖 as force constant.  Thus, 

the modified energy function is written as, 

𝑈𝑖(𝐑) = 𝑈𝑜(𝐑) +
1

2
𝑘𝑖(𝜉(𝐑) − 𝜉𝑖)

2 
(5) 

A force constant of 𝑘𝑖 = 25 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙/Å2 except two UMD simulations, for these 

simulations 𝑘𝑖 = 50 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙/Å2 were used in all UMD simulations. Upon 

performing MD simulations with modified potential energy functions a set of biased 

probability distributions 𝑃𝑖
(𝑏)(𝜉) can be obtained as, 

𝑃𝑖
(𝑏)(𝜉) = 𝑒𝑥𝑝[−𝛽Φ𝑖(𝜉)] = 〈𝛿[𝜉(𝐑) − 𝜉𝑖]〉 (6) 

Φ𝑖(𝜉) is the PMF associated with 𝜉 if the simulation is carried out with the perturbing 

potential  𝐻𝑖(𝜉(𝑹)). From MD trajectories 𝑃𝑖
(𝑏)(𝜉) can be computed as the normalized 

histogram of the values occurring during simulation i. The corresponding unbiased 

probability distribution is defined as, 

𝑃𝑖
(𝑢)(𝜉) = 𝑒𝑥𝑝[𝛽(𝐻𝑖(𝜉) − 𝑓𝑖)]𝑃𝑖

(𝑏)(𝜉) (7) 

𝑓𝑖 is the free energy coming from the adding of the biasing potential 𝐻𝑖(𝜉(𝐑)) to 

𝑈𝑜(𝐑)  . The Weighted Histogram Analysis Method (WHAM) (Kumar et al., 1992) is 
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an efficient method to recombine the unbiased histograms 𝑃𝑖
(𝑢)(𝜉) obtained from 

umbrella sampling simulations to get the total probability distribution 𝑃𝑜(𝜉). Once 

𝑃𝑜(𝜉) is computed, the PMF can be evaluated by Φ𝑖(𝜉) = −
1

𝛽
𝑙𝑛[𝑃𝑜(𝜉) ] . The main 

steps of WHAM be listed as follows the total probability distribution in WHAM is 

expressed as follows, 

𝑃𝑜(𝜉) = 𝐶 ∑ 𝑃𝑖(𝜉)𝑃𝑖
(𝑢)(𝜉)

𝑁

𝑖=1

 

(8) 

Here total probability distribution 𝑃0(𝜉) is written as a linear 𝜉-dependent combination 

of 𝑃𝑖
(𝑢)

(𝜉), 𝑁 is the total number of MD simulations, and 𝑛𝑖 is the number of 

coordinate sets in the ith MD simulation to compute 𝑃𝑖
(𝑏)(𝜉), 𝑃0(𝜉) is total probability 

distribution, and 𝐶  is a normalization constant, 𝐶 calculated by, 

𝐶 =
1

𝛽
𝑙𝑛𝐷 

(9) 

𝐷 =
𝑍0

𝑍𝑖
 

(10) 

where the 𝑍 is the partition function of the system and D is also constant. For the 

normalization of weights followed equation is used,  

∑ 𝑃𝑖(𝜉) = 1

𝑁

𝑖=1

 

(11) 

for each 𝜉 value, the statistical error of the total probability distribution minimized,  

𝜕(𝜎2[𝑃0(𝜉)])

𝜕𝑃𝑖
= 0 

(12) 

then 𝑃0(𝜉) obtained as, 

𝑃𝑜(𝜉) = 𝐶 ∑
𝑛𝑖

∑ 𝑛𝑗𝑒𝑥𝑝[−𝛽(𝐻𝑗(𝜉) − 𝑓𝑗)]𝑁
𝑗=1

𝑃𝑖
(𝑏)(𝜉)

𝑁

𝑖=1

 

(13) 

All terms in Eq.5 are not readily available (can directly computed) except the free 

energy parameters {𝑓𝑖} . To evaluate  {𝑓𝑖}  the following equation is solved iteratively, 
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𝑒𝑥𝑝[−𝛽𝑓𝑖] = 𝐶 ∫ 𝑑𝜉 ∑
𝑛𝑖𝑒𝑥𝑝[−𝛽𝐻𝑘(𝜉)]

∑ 𝑛𝑗𝑒𝑥𝑝[−𝛽(𝐻𝑗(𝜉) − 𝑓𝑗)]𝑁
𝑗=1

𝑃𝑖
(𝑏)(𝜉)

𝑁

𝑖=1

 (14) 

Iterations start with a guessed value {𝑓𝑖
𝑜} . 𝑓𝑖

𝑜 values are used to compute the right 

hand side of Eq. 9 and by doing so a new set of parameters {𝑓𝑖
1} is evaluated. This 

procedure is repeated for 𝑙 steps until convergence in {𝑓𝑖
𝑙} values are observed. The 

relative error of the WHAM can be computed by, 

𝛿Ω(𝜉)

Ω(𝜉)
= [𝑔−1 ∑ 𝑁𝑖(𝜉)

𝑅

𝑖=1

]

−1/2

 (15) 

Here is the 𝑔 overall factor with 𝑔 = 1 + 2𝜏 and 𝑔 values can be omitted. In addition 

to that, error estimation of the PMF calculation was computed by integrated method to 

the Gorsfield’s implemented code, which is Bootstrapping technique. In this 

estimation, normalization cumulant factor 𝑐(𝜉) is computed and random numbers are 

generated between 0 and 1,𝑅, and 𝑐(𝜉) = 𝑅 computed for 𝜉. WHAM calculations were 

performed in MATLAB (The MathWorks, 2019) via the MDToolbox (Matsunaga, 

2015). 

 Covariance Matrix and Principle Component Analysis 

Linker conformations sampled during MD simulations were are aligned with the bent 

crystal structure using the Cα atoms. Using the aligned linker coordinates, the 

covariance matrix is generated as follows,  

𝐂 = 〈(𝐑 − 〈𝐑〉)(𝐑 − 〈𝐑〉)T〉 (16) 

Here, 𝐑 is the 3 × 400 = 1200 dimensional configurational vector composed of the 

instantaneous Cα atom coordinates of the linker.  〈𝐑〉 is the trajectory average of 𝐑 . 

Eigenvalue decomposition of 𝐂 is performed and principal components (PCs) are 

obtained as follows, 

𝐂 = ∑ 𝜎𝑖𝐩𝒊

3𝑁

𝑖=1

𝐩𝒊
𝑇 

(17) 

Here, 𝐩𝒊 is the ith PC and 𝜎𝑖 is the constant is the corresponding variance. Thus, 𝜎𝑖  

scales with the magnitude of motion along 𝐩𝒊 . PCs are ordered in descending order 
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with respect to their 𝜎𝑖  values. Since PC1 and PC2 have the largest two variances, 

making 𝐩𝟏 and 𝐩𝟐 are the most dominant motions observed in the MD simulations. 

Projections of instantaneous coordinates along PCs are evaluated as 𝐫𝒊 = 𝐩𝒊
𝑇(𝐑 −

〈𝐑〉).   
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 RESULTS & DISCUSSION 

 Selection of SMD Parameters 

The linker swing movement during the priming stroke was modelled using recursively 

cycles of SMD and CMD simulations for each 5 ns long, respectively. These 

simulations were followed (TS3*: ATP, β, pre)(TS2: ATP, β, post) linker transition 

pathway. The linker was aimed to pull through 5 Å, along the pulling direction. To 

determine the SMD parameters, 3 different set of simulations were performed. At first 

trial, the center of mass of the Cα atoms of the residues L1264, L1309, and V1325 was 

selected as SMD atoms, and the Cα atoms of L1415 and N1416 residues were selected 

as fixed atoms. After the 5 ns of SMD simulations, structural deformations were 

observed for each spring constants. The second set of trial simulations were performed 

with extended fixed atoms, which residues were the Cα atoms of L1415-A1425. After 

5 ns of SMD simulations, structural deformations were not observed. And, 

displacement of the SMD atoms and Dummy atom displacement were plotted for 

determining optimum spring constant for the SMD simulations, are shown in Figure 

3.1.  

 

Figure 3.1 : Spring constant selection for the SMD simulations. Second trial of SMD 

simulations for the pulling velocity of 1 Å/𝑛𝑠 was selected. And, spring constants of 

10, 25, 50, 75, and 100 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙/Å2 parameters; SMD atoms were the Cα atoms of 

the L1264, L1309, and V1325 residues, and fixed atoms were the Cα atoms of 

L1415-A1425 residues. Blue lines indicates displacement of the SMD atoms and red 

line indicates the displacement of dummy atom. 
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As can be seen in figure, SMD atoms fluctuated more for the 10 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙/Å
2
 spring 

constant, and SMD atoms followed the dummy atom closely for 50, 75, and 100 

𝑘𝑐𝑎𝑙/𝑚𝑜𝑙/Å2 spring constants. These spring constants did not let the SMD atoms 

fluctuation. So, 25 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙/Å2 spring constant was chosen for further simulations. 

But, structural deformations were observed at the end of the fifth cycle is can be seen 

in Figure 3.2.  

 

Figure 3.2 : Structural deformations.Initial structure of the linker shown in blue and 

structure obtained from 5th SMD simulation shown in pink. In the red circle shown 

on the left, a structural shift was observed in the hinge region compared to theinitial 

structure. In the red circle shown on the right, structural disruptions in the alpha 

helices oflinker is observed, while it is expected to be rigid. 

At the third trial, both SMD and fixed atoms were extended; the Cα atoms of residues 

G1256-G1271 (H4), K1296-K1313 (H5), and E1322-W1349 (H7) were selected as 

SMD atoms and, Cα atoms of L1415-A1424 (H10-hinge) and D1434-G1442 (H12) 

were selected as fixed atoms. Same selections simulations were performed for this set, 

are shown in Figure 3.3. 

As can be seen in figure, SMD atoms fluctuated more for the 10 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙/Å
2
 spring 

constant, for the 25 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙/Å
2
 spring constant, SMD atoms followed the dummy 

atom from slightly behind after 3.5 ns, and SMD atoms followed the dummy atom 

closely for 75, and 100 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙/Å2 spring constants. These spring constants did not 

let the SMD atoms fluctuation. So, 50 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙/Å2 spring constant was chosen for 

further simulations.  
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Figure 3.3 : Spring constant selection for the SMD simulations. Second trial of SMD 

simulations for the pulling velocity of 1 Å/𝑛𝑠 was selected. And, spring constants of 

10, 25, 50, 75, and 100 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙/Å2 parameters; SMD atoms were the Cα atoms of 

G1256-G1271 (H4), K1296-K1313 (H5), and E1322-W1349 (H7) residues, and 

fixed atoms were the Cα atoms of L1415-A1424 (H10-hinge) and D1434-G1442 

(H12) residues. Blue lines indicates displacement of the SMD atoms and red line 

indicates the displacement of dummy atom.  

 Modelling the Linker Priming Stroke Reveals Steric Clash Between the 

Linker and AAA4 

For each SMD simulation followed by subsequent CMD simulations. CMD 

simulations were aimed to optimize the dynein structure in the new linker 

conformation. This cycle was proceeded for 11 times: total 110 ns in length. During 

this cycle, SMD pulling direction was updated before each SMD simulation beginning. 

The displacement of SMD atoms along the pulling directions for the complete set of 

SMD-CMD simulations is shown in Figure 3.4A. The evolution of RMSD between 

the generated/sampled linker conformations and the extended linker structure during 

these simulations is depicted in Figure 3.4B.  

As can be seen in Figure 3.4, after 80 ns of MD simulations (i.e. the 8th cycle), SMD 

simulations were not able to further move along the pulling direction and decrease its 

RMSD to the straight linker structure. The reason of this obstacle was the steric clash 

due to the contact between the linker and the AAA4, shown in Figure 3.5. In the MD 

simulations, the observed steric clash took place due to the contact of linker residues 

in H5 (R1306, Q1310, K1313, D1314), the loop between H5-H6 (S1315), H6 (P1316, 

Y1318, K1319), H7 (E1322, DP1323, V1325, S1326, E1329, R1330, A1333, E1337), 

and H10 (R1398) with residues in AAA4L PS-I insert (E2742, E2745, P2746, L2748, 

L2749, P2750, K2752, D2753, S2756, F2761, G2762, P2763, V2764, F2765).  
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Figure 3.4 : Progress of SMD simulation protocol towards the target linker structure. 

A) Movement of the center of mass of the pulled atom along the trajectories of SMD 

and CMD simulations. Blue lines represent the SMD simulations and red lines 

represent the CMD simulations. B) Change in the RMSD according to the target 

linker structure in TS1 (3VKG). Blue lines represent the SMD simulations and red 

lines represent the CMD simulations. The line on the 80. ns points out that the values 

after there won’t be used. 

 

Figure 3.5 : Steric clash between the Link1-2 region of linker and AAA4L site. Left 

panel shows the AAA+ ring of the dynein obtained conformations after 80 ns of 

SMD-CMD simulations. Linker and AAA4, which are involved in the steric clash, 

are shown in cartoon representation whereas the remaining the remaining structural 

components are shown in surface representation. Right top panel shows the steric 

clash taking place between linker helices (H5-H7 and H10) and PS-I insert of 

AAA4L site. The right bottom panel shows the schematic illustration of the dynein 

AAA+ ring and linker during the steric clash. Large (L) and small (S) subdomains of 

AAA+ domains are shown separately in the schematic representation. 
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 The Linker Movement During Priming Stroke is Energetically Favorable 

In the previous section, the linker movement of the priming stroke was modeled using 

a subsequent SMD and CMD simulation. Then, UMD simulations were performed, 

which are started from end of the end conformations of first eight CMD simulations. 

UMD simulations were aimed to refine the transition pathway and explore the 

energetics of the linker swing movement in high resolution. Reaction coordinate 𝜉 was 

selected as the RMSD of the bent linker structure to the straight linker conformation. 

End conformations of the CMD simulations were selected as equilibrium positions for 

harmonic restraints. Some of the regions of 𝜉 were not widely sampled, for sampling 

there regions new UMD simulations were started from rarely sampled regions that 

overlap with these regions. 300 ns of UMD simulations were performed. Distribution 

of the UMD simulations are shown in Figure 3.6. 

 

Figure 3.6 : Distribution of UMD simulations along the 𝜉. Dashed line indicates the 

gates, and yellow stars indicates center positions of the UMD. 

 Principal Component Analysis 

All UMD simulations were combined into a single trajectory and PCA analysis were 

performed. PCA is an effective and proven method to investigate the most prominent 

motions a protein exhibits along a MD trajectory. PC1 and PC2 (Figure 3.7A-B) 

represent the most dominant two modes of motion in the combined UMD trajectory. 

PC1 mode of motion, which is the most dominant feature of the trajectory, moves H4, 

H5 and H7 towards the extended linker structure while slightly pointing towards the 
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hexameric ring. PC2, on the other hand, moves H4, H5 and H7 towards the extended 

linker structure and points slightly away from the hexameric ring. Conformations 

sampled in UMD were projected onto the PCs. The distributions of these projections 

are shown in Figure 3.7C.   

 

Figure 3.7 : Principal Component Analysis of UMD simulations. (A-B) The first 

two principal components of the complete UMD simulations data superimposed on a 

(TS3*: ATP, β, pre) conformation is shown. (C) Distribution of UMD simulations 

conformers along the first two principal components are shown.  Dashed lines 

indicate the approximate position of the reaction coordinate on the distribution. (TS3: 

ADP.Pi, β, pre) and (TS5: ADP, α, post) crystal structures are shown with grey and 

magenta squares, respectively. 

 Free Energy Surface Calculation 

To calculate the free energy surface for the linker movement during priming stroke, 

WHAM (Kumar et al., 1992) was applied using the UMD simulations data. Windows 

for dividing 𝜉 was selected as 1 Å wide, in the range from 3 Å to 10 Å. Snapshots from 

the UMD simulations were clustered according to base on the windows. And, snapshot 

density of the UMD simulations are shown in Figure 3.7C. Snapshots that found in 

each 𝜉 window and the magnitude of the guiding potential through the UMD 

simulations were identified. Free energy profile was established by using WHAM 

(Eqs. 6-9) as a function of 𝜉 and free energy profile is shown in Figure 3.8. Decreasing 

free energy profile was observed from 3 Å to 10 Å. Free energy difference between of 

∆Φ = Φ(10 Å ) − Φ(3 Å ) = −40.4 kJ/mol. It shows that linker movement during 

the priming stroke is energetically favorable.  
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Figure 3.8 : Free energy profile along the reaction coordinate with error bar of the 

linker priming movement. Free energy profile as a function of the RMSD between 

the extended linker structure and the linker conformations sampled during UMD 

simulations.  

 

Figure 3.9 : Free energy profile error estimation with Bootstraping analysis. In this 

graph show that PMF construct from randomly sampled values according to the 

obtained weighted histograms.  
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 During Priming Stroke the Linker Interdomain Salt Bridges Switch from 

AAA4 to AAA3 

Salt bridges in the dynein structure may be grouped into two types: i) those existing 

independently of the transition and reinforcing the structure, and ii) salt bridges that 

forms or breaks during conformational transitions of the mechanochemical cycle. Type 

II salt bridges are expected to strongly contribute to, or even facilitate, the stability of 

states along the mechanochemical cycle of dynein. Investigation of type 2 salt bridges 

between the linker and hexameric ring in the conformers generated by the MD 

simulations show a distinct pattern of interdomain salt bridges for the extended and 

bent forms of the linker. For the straight linker (𝜉 = 3 Å), the type II salt bridges 

between Link1-2 and the hexameric ring are predominantly with AAA4, which are 

listed as follows: K1296 (H5) - E2393 (AAA3), R1306 (H5) -E2742 (AAA4), K1313 

(H5) - E2745 (AAA4), D1314 (H5) - K2349 (AAA3), K1319 (H6) - D2753 (AAA4), 

and E1322 (H7) - K2752 (AAA4). For the bent linker (𝜉 = 10 Å), on the other hand, 

Link1-2 formed  the following interdomain type II salt bridge with AAA3; E1337(H7)- 

R2344(AAA3). Additionally, the bent linker formed intradomain type II salt bridges 

with the linker hinge, E1364 (H8) - K1413 (H10), and with Link3-4, K1348 (H7) - 

D1435 (H12).  Thus, in total the straight linker formed 6 type II salt bridges while the 

bent linker formed only 3 type II salt bridges. The locations of the type II salt bridges 

for the straight and bent linker conformations are shown in Figure 3.10. 

 

Figure 3.10 : Location of salt bridges broken and formed throughout the linker 

movement during priming stroke. (A) Type II interdomain salt bridges between 

Link1-2 and AAA3-4 of the straight linker are shown. (B) The type 2 interdomain 

salt bridge with AAA3 and the intradomain salt bridges of the bent linker are shown. 

(C) Salt bridges in the left panels are numbered and each salt bridge is magnified in 

the right panel.  
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Based on the MD simulations data we predict that the linker movement during the 

priming stroke from 𝜉 = 3 Å to 𝜉 = 10 Å comprises in a net change of 3 broken salt 

bridges. Salt bridges can provide 12–20 kJ/mol of energy to the protein stability 

(Makhatadze, Loladze, Ermolenko, Chen, & Thomas, 2003). Thus, the net change of 

3 salt bridges is expected to release an energy of 36-60 kJ/mol, which will contribute 

only partially to the free energy released during the linker movement from 𝜉 = 3 Å to 

𝜉 = 10 Å. As indicated earlier, conformations sampled in the UMD simulations were 

clustered based on their reaction coordinates. For each conformation the distances 

between the closest nitrogens and oxygens belonging to the pairs of salt bridge forming 

amino acids were evaluated. Average N-O distances for these pairs were calculated at 

each window/cluster along the reaction coordinate.  A cutoff distance of 6 Å(Gur, 

Madura, & Bahar, 2013) was used as a criteria whether a salt bridge is present. If the 

cluster average N-O distance between a salt bridge forming pair was less than the 

cutoff distance, then the type II salt bridge was deemed to be present at that window 

along 𝜉. Based on these criteria, the evolution of salt bridges along the reaction 

coordinate were determined and depicted in Figure 3.11. 
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Figure 3.11 : Evolution of salt bridges during the linker movement of the priming 

stroke (A) Illustrative representation of the linker position with respect to the AAA+ 

ring along the reaction coordinate. (B) Representative conformations sampled from 

UMD simulations along the reaction coordinate. (C) Presence of Type II salt bridges 

along the reaction coordinate. White colors indicate that the salt bridges are not 

present at that specific point along the reaction coordinate. The coloring for the salt 

bridge indicates the domain with which Link1-2 is forming a salt bridge. Thus, 

magenta indicates intradomain salt bridges. Green and yellow indicate interdomain 

salt bridges between the linker and AAA3 and AAA4, respectively 
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 CONCLUSIONS AND FUTURE RESEARCH 

In this thesis, the structural mechanism and energetics of the priming stroke, transition 

of the linker from TS2 to TS3, of the DHC mechanochemical cycle have obtained in 

detail by using SMD,  conventional MD and UMD simulations. The transition pathway 

of the linker in the ATP bound form of DHC have been modeled. According to results, 

the linker is able to sample the region spanning AAA4/AAA3 to AAA3/AAA2 without 

coming across a steric clash during the transition. Schmidt et al.(2015) reported that 

ATP binding should cause a structural change in the catalytic ring so that a steric clash 

occurs between AAA4 and the linker, which they proposed to potentially force  the 

linker to move towards its bent form. The extend of such an induced movement, 

however, is not known in literature. The MD simulations results presented in the thesis 

suggest that the structural change of the catalytic ring induced by ATP binding forces 

the linker to move from AAA5/AAA4 to AAA4/AAA3. Moreover, UMD simulations 

were performed to extensively sample the transition pathway and explore the 

energetics of the linker conformational transition. The free energy difference between 

the straight and bent forms of the linker is ~ –40 kJ/mol. The results show that the 

priming stroke is an energetically favorable process. Thus, it does not require an 

external energy input. This is a significant result, as it indicates that ATP hydrolysis 

can supply enough energy to move the linker in the reverse direction of the priming 

stroke (62 kJ/mol). 

The priming stroke (TS2TS3) takes place in the MT unbound form of DHC, and the 

power stroke (TS4TS5), takes place in the MT bound form DHC. As MT binding is 

known to affect the stalk registry, which in turn affects the catalytic ring structure, it 

is possible that the order of structural changes observed in the catalytic ring and the 

linker might not be the same for the power stroke and priming stroke. To obtain 

detailed information about the power stroke mechanism, dynein structure has to be 

docked to the MT. Subsequently, a procedure similar to the procedure performed in 

this thesis can be potentially applied to the DHC-MT system to model the detailed 

mechanism and energetics of the power stroke. 
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