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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-AAAG) organized
into a hexameric ring. ATP hydrolysis occurs in AAAL-AAA4 domains, where AAAL
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 coordinateé. Wheighted Histogram Analysis Method
(WHAM) was applied using the UMD simulations data. And the free energy surface
as a function of ¢ 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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DINEIN KUVVET KOLUNUN HAREKETININ ATOMIK
COZUNURLUKTE MODELLENMESI.

OZET

Okaryotik hiicrelerin saglikli bir sekilde calisabilmesi icin hiicre i¢i ulasim ve
organizasyon son derece Onemlidir. Hiicre i¢i ulagim ve organizasyon, hiicrenin
mikrotiibiilleri (MT’leri) ve aktin filamentleri {izerinde yiirliyen motor protein aileleri
tarafindan gerceklestirilir. Motor protein ailelerinin yapilarinda, baglandiklar
sitozolik yollarda, sitozolik yollar iizerindeki hareket dogrultularinda ve tasidiklar
kargolarda farkliliklar bulunmaktadir. Motor proteinleri ii¢ aileye ayrilmaktadir;
miyozinler, kinezinler ve dineinler. Miyozinler, aktin filamentleri tzerinde + veya —
uca dogru hareket edebilirler. Benzer sekilde, kinezinler de MT’ler {izerinde + veya —
yone dogru hareket edebilirler. Dineinler ise MT’ler {izerinde — yone dogru hareket
ederler.

Miyozin ailesi birgok alt aileye sahiptir. Miyozinler, farkli hiicre tiplerinde ve
organlarda bulunabilirler. Miyozin ailesinin genel olarak yapilari incelendiginde 1000-
2000 amino asit uzunlugunda olduklar1 goriilmektedir. Bu yapilar 3 bolgeye ayrilir;
evrimsel olarak korunmus olan bas yapist ATPaz aktivitesine sahip olup myozinlerin
hareketinden ve aktinlere baglanmasindan sorumludur, boyun bdlgesi ise bas bolgesi
ile kuyruk bolgesini baglar. Ayrica, diizenleyici proteinlerin baglanmasi icin bir
bolgedir. Bu bolge hafif zincir bolgesi olarak adlandirilir, kuyruk yapisi ise yiiklerin
baglanmasi ve myozinlerin dimerizasyon ve oligomerizasyonlarindan sorumludur.

Dineinler, AAA + (gesitli hiicresel Aktiviteler ile Iliskili ATPazlar) ailesinin iiyesidir
ve genellikle iki ana alt aileye ayrilir: aksonemal ve sitoplazmik dynein. Aksonemal
dinein alt ailesi, flagella ve silianin vurus hareketinden sorumludur. Sitoplazmik dinein
alt familyas1 ise, tasima, yonlendirilmis hiicre hareketi, mitoz boliinme ve hiicre
polarizasyonundan sorumludur

Sitoplazmik dinein hiicre igindeki bircok yollakla etkilesime girer. Dineinler,
kiimelenmis proteinleri, transkripsiyon faktorlerini, mRNA igeren partikiilleri,
viriisleri, fagozomlari, endoplazmik retikulumdan (ER) golgiye gecen vezikiilleri, lipit
damlaciklarini, lizozomlari, melanozomlari, peroksizomlari, mitokondriyi ve
endozomlar1 c¢ekirdege dogru tasidigi bilinmektedir. Noronlarda, dinein hiicre
govdesine retrograd tasinimini yonlendirir ve néronal gog, biiyiime ve sinaps olusumu
icin gereklidir. Sitoplazmik dineinlerin fonksiyonunda gordlen
bozukluklarin/aksakliklarin, amyotrofik lateral skleroz, Charcot-Marie- Tooth,
Alzheimer, Parkinson ve Huntington gibi bir¢ok ndrodejeneratif hastaliklar, lizensefali
ve primer silyer diskinezi ile iligkili oldugu ortaya konulmustur. Bu belirtilen
hastaliklar ile gosterdigi yakin iligki sebebiyle 6zelikle tedavi acisindan bakildiginda,
sitoplazmik dinein motor proteininin nasil ¢alistiginin anlasilmasi ve ¢alisirken ne tiir
fonksiyonel aksakliklarin hastalia sebep oldugunun belirlenmesi son derece
onemlidir. Tibbi 6nemlerine ek olarak, dineinler sahip olduklar1 6zgiin yapisal
organizasyon sebebiyle nanoteknoloji uygulamalar yoniinden ve alaninda son derece
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onemli bir yere sahiptir. Protein mihendisligi uygulanarak yapisinda
gerceklestirilecek degisikliklerle dineinler bir biitiin olarak veya parcalar halinde
nanoteknolojik uygulamalarda kullanilmas1 son yillarda 6nemli derecede ilgi ¢cekmeye
baglamis bir alan olmustur.

Dineinler hiicre igerisinde iki agir zincir ve bunlara bagli kiiciik peptidlerle dimer halde
bulunmaktadir. Dinein agir zinciri C-terminali motor bdlgesi ve N-terminali kuyruk
bolgesinden olusur. Motor bolgesi kafa, sap ve MT baglanma bolgesinden olusur. Kafa
bolgesi 6 adet AAA+ (AAAL-6)’dan olusan heksamerik bir halka olusturur ve bu
halkadan 4 adet uzanti ¢tkmaktadir; kuvvet kolu, sap, payanda ve C-terminal bolgesi.
Halka olusumu AAA ailesinin {liyelerinde ortak 6zelliktir, bu halka olusumu AAA alt
ailesinin protomerleri toplandiginda meydana gelir. Miyozinler ve kinesinler agir
zincirlerinde sadece bir ATP baglanma bolgesine sahipken, dineinlerin bas
bolgesindeki AAA bdolgelerinin ilk dordi (AAA 1-4) korunmus Walker A (P-halka
(fosfat baglanma halkas1) bolgesi) nedeniyle ATP'yi baglayabilir ve katalitik aktiviteye
sahiptir. AAA1 bolgesi, ATP'nin baglanmasindan ve ATP'nin hareketlilik icin gii¢
iretmek tizere hidrolize edilmesinden sorumludur; AAA1 roliinden farkli olarak,
AAA3 bolgesi, ATPnin hidrolize olmasi nedeniyle AAA1 ve kuvvet kolu arasinda
yapisal degisiklikler ileten bir diizenleme anahtar1 gibi ¢alisir. Dinein MTBD alan,
kafaya, 10-15 nm uzunlugunda, anti paralel sarmal-sarmal sapla baglanir.

Dinein mekanokimyasal cevrimi AAA1l bolgesi, kuvvet kolu ve sap arasindaki
koordinasyonu gerektirir. Hareketlilikten sorumlu olan AAA1 bdlgesinin nukleotit
durumu cevrim i¢in énemlidir. Bu nedenle, AAAL bolgesinin apo, ATP, ADP olarak
3 farkl niikleotit durumuna sahiptir. Dinein sap1, kafa ve dinein MT baglanma bolgesi
arasinda iletisimi gergeklestirmektedir. Bu iletisim, sapin yapisal hareketi ile saglanir.
Sap a ve B olmak iizere iki yapida bulunabilir; o yapisinda dinein MT baglanma
bolgesi yoluyla MT'ye kuvvetli bir sekilde baglanirken, B yapisindayken dinein MT'ye
bagli degildir. Dinein kuvvet kolu, dinein mekanokimyasal ¢evrimi sirasinda diiz ve
biikiik yapilar arasinda gecis oalcak sekilde konformasyonel degisime ugrar. Kuvvet
kolunun diiz yapisinda pre: gii¢ stroku Oncesi, biikiik yapisina ise post: gii¢ stroku
sonrast yapilar denilmektedir. Kuvvet kolu biikiik yapida iken, N-terminali AAA2-
AAA3 ile temas ettigi yerdedir. Kuvvet kolu diiz yapida iken ise N-terminali AAA4’te
veya AAAS5’te bulunur. Dineinin AAA1 boélgesinde herhangi bir niikleotid bagh
olmadig1 durumda kuvvet kolu AAAS’te, ADP bagl iken ise AAA4'te bulunur.

Dinein motorunun mekanokimyasal ¢evrimi en az bes farkli termodinamik hal ile
(TH1-5) tanimlanabilir. Dinein termodinamik halini tanimlamak igin 3 parametre
kullanilacaktir. Bunlar AAAT'in niikleotid durumu, sap yapisi ve kuvvet kolunun
yapist olarak siralanmaktadir. Ilk termodinamik halinde (TH1); dinein AAA1 bdlgesi
Apo durumunda, sap a yapisinda ve kuvvet kolu ise diiz yapidadir. (TH1: Apo, o,
post). Daha sonra, ATP dineinin AAA1 bolgesine baglanmakta, dinein MT den
ayrilmakta ve sap o yapisindan B yapisina gegmektedir. Bunlarin sonucunda dinein
ikinci termodinamik hale geg¢mektedir (TH2: ATP, B, post). Ardindan, AAAI
bolgesinde ATP hidrolizi baglamaktadir ve kuvvet kolu biikiik yapiya ge¢gmektedir.
Boylelikle dinein 3. termodinamik hale gegcmektedir (TH3: ADP.Pi, B, pre). Daha
sonra, dynein MT'ye tekrar baglanmakta, sap o yapisina geri donmekte ve AAA1
bolgesinden fosfat salinmaktadir. Bunun sonucunda dinein 4. Termodinamik hale
gecmektedir. (TH4: ADP, a, pre). Daha sonra, kuvvet kolu biikiik yapidan diiz yapiya
dogru hareket edip gii¢ strokunu gerceklestirmektedir. Bunun sonucunda dinein 5.
Termodinamik hale ge¢gmis bulunmaktadir (THS: ADP, a, post).
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Literatiirdeki dinein motor boélgesi yapilart incelendiginde, sadece TH3 ve THS
halindeki yapilarin bulundugu goriilmiistiir. Bu tez calismasinda, ilk adim olarak
kuvvet kolunun TH3yapisindan baslayarak TH2’deki yapisina ulagsma amagli olarak
bir dizi molekiiler dinamik (MD) simiilasyonlar1 gerceklestirilmistir. Bu amaca
yonelik olarak TH5 teki kuvvet kolu yapis1 hedef olarak konulmus ve bu hedefe dogru
kuvvet kolu hareketi yonlendirilmis MD simiilasyonlar1 ve kisitlanmig MD
simiilasyonlarinin bir kombinasyonu olan protokol ile modellenmistir. Bu modelleme
sonucunda ortaya c¢ikan kuvvet kolu hareketi, sonrasinda gerceklestirilen semsiye
orneklendirilmesi ile detaylandirilmis ve kuvvet kolu hareketi ile ilgili genis yapisal
ornekleme elde edilmistir.

Calismanin baginda SMD parametrelerini belirleyebilmek adina literatiir calismasi
yapilmis ve hiz 1 A/ns olarak belirlenmistir. Daha sonrasinda SMD atomlarmi ve
sabitlenecek atomlar1 belirleyebilmek adina sirasiyla 3 set deneme simiilasyonlari
yapilmis ve kuvvet kolunun modellenmesi i¢in uygun olan parametreler elde
edilmistir. Kuvvet kolunun modellenmesi i¢in yapilan birbirini takip eden 11 MD
simiilasyonu dongiisii gergeklestirilmistir. Her bir MD simiilasyonun dongiisiinde bir
adet SMD simiilasyonu ve onu takip eden bir adet kisitlanmig MD simiilasyonu
gergeklestirilmistir. SMD simiilasyonlarinda kuvvet kolu iizerinde kuvvet uygulama
suretiyle sabit hizda hedefe dogru ilerletilmektedir. Kisitlanmis MD simiilasyonlarinda
ise kuvvet kolu dis kuvvetlerle SMD sonucunda geldigi pozisyonda sabitlenmektedir.
8. MD dongiisiinde kuvvet kolu, dineinin bag yapisi ile yapisal ¢cakisma yasamistir. Bu
yapisal ¢akismanin daha onceden olabilecegi literatiirde belirtilmis ancak atomik
diizeyde kanitlanmamistir. Kuvvet kolunun biikiik yapisindan baslayarak ¢akigsmanin
gerceklestigi diiz yapisina kadar olan gegisin daha detayli 6rneklemek icin semsiye
orneklemeleri yapilmistir. Semsiye Orneklendirilmesinde bir reaksiyon koordinati
belirlenip, sistemin o reaksiyon koordinatinin belli bir degerini 6rneklemesi i¢in dig
potansiyel uygulanmaktadir.  Semsiye Orneklemesi i¢in belirlenen reaksiyon
koordinati kuvvet kolunun diiz yapisina olan ortalama karesel sapmasi belirlenmistir.
Semsiye Orneklemesi icin gerekli olan yapilar MD simiilasyon dongiilerinin
sonlarindaki yapilar se¢ilmis ve drneklenmeye baslanmistir. Daha sonrasinda elde
edilen yapilarin dagilimlari incelenerek ana bilesenler analizi tiim reaksiyon koordinati
tizerinde gerceklestirilerek semsiye 6rneklemesi MD simiilasyonlari siiresince dinein
kuvvet kolunun yaptig1 baslica hareketler belirlenmistir. Daha sonrasinda agirlikli
histogram analizi yontemi kullanilarak dineinin kuvvet kolunu hareketi sirasinda
olusan serbest enerji yiizeyi reaksiyon koordinatinin bir fonksiyonu olarak
olusturulmustur. Elde edilen serbest enerji profiline gore kuvvet kolunun ATP
baglandiktan sonra TH2’den TH3 e geg¢isi enerjetik agidan elverisli bir proses oldugu
goriilmiis olup bunun sonucunda serbest enerji degisimin ~ —40 kJ/mol oldugu
goriilmiistiir. Daha sonrasinda ise agiga ¢ikan enerji farkinin nereden geldigini analiz
etmek icin kirllan ve yeniden kurulan tuz kopriileri MD simiilasyon ydriingeleri
boyunca incelenmis ve reaksiyon koordinatina gore gruplandirilarak, kuvvet kolunun
hareketi siiresince nerede hangi baglarin kuruldugu ve bozuldugu atomik boyutta
incelenmistir. Kuvvet kolu hareketi sirasinda 9 tane tuz kopriisiiniin kirildig1 ve
olustugu goriilmiistiir. Bunlardan 6 tanesi diiz yapida, {i¢ tanesi ise blikiik yapida
mevcuttur. Kirilan ve tekrardan kurulan tuz kopriilerin serbest enerji yiizeyi ile uyumlu
oldugu ve proses i¢in 6nemli oldugu sonucunda varilmaistir.

Tez ¢alismasi sonucuna, dinein mekanokimyasal ¢evriminde literatlirde heniiz tam
anlamiyla aydinlatilmamais bir dinein termodinamik hali olan TH2 ile ilgili son derece
onemli bilgiler elde edilmistir.
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1. 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).

1.1 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



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).

1.2 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;
a-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).

1.3 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; H60k &



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 (Ho6k & 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+ (AAAL1-6, 15 nm in diameter) and

four extensions emerge from the hexameric ring of dynein; the linker, the stalk, the



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). AAA1l module is
responsible for binding ATP and hydrolyzing ATP to generate power for motility
(Bhabha et al., 2014); unlike AAAL role, AAA3 module works like a regulatory
switch, that transmits conformational changes between AAAL 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.

A
AAA1S
. "1 Linker
Ring
AAA1L

Buttress
Stalk

MTBD

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



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 o and B; while, in a registry dynein strongly bounded to the
MT via MTBD, in B 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 AAAL, stalk registry, and linker conformation). At the first thermodynamic

state (TS1); AAA1 module of the dynein in the Apo state, stalk registry in a state, and
the linker straight conformation (TS1: Apo, a, post). Subsequently ATP binding to the
AAAL module triggers MT release (Burgess et al., 2003) of the dynein due to shift
occurs in the stalk from the a registry to the 3 registry (TS2: ATP, B, 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, B, 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 a
registry, and the phosphate released from the AAA1 module (TS4: ADP, a, pre).
Subsequently, the linker moves from the bent to the straight conformation. This is
referred to as force-generating powerstroke (TS5: ADP, a, 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. Linkl 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, a, post) straight
form and in contact with AAA2-3 in its (TS1: Apo, a, 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,
a, post) onto the bent linker structure of dynein (TS3: ADP.Pi, B, pre) via Link3-4.
This alignment resulted in an overlap between Link1-2 of the straight linker structure



and AAA4 of dynein (TS3: ADP.Pi, B, pre). Based on the available crystal structures,
their conclusion was that ADP.Vi binding to AAA1 site induces linker bending
through the closure of AAAL/AAAZ2 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.






2. METHODOLOGY

2.1 MD Simulation Details

Initial conformation of this study was selected from the dynein (TS3*: ATP, B, 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 A cushion of water
in each direction by using “Solvate Plugin” of VMD (Humphrey, Dalke, & Schulten,
1996). Solvated system was ionized with 1 mM MgCl, and 150mM KClI, then ionic
charge of the total system was neutralized with KCI. At the end, obtained system
constitutes of 781,332 atoms. 3 sets of MD simulations were performed for dynein
(TS3*: ATP, B, 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 A
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? 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.



2.2 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, B, post) = (TS3: ADP.Pi, B, pre), and
(TS4: ADP, a, pre) =2 (TS5: ADP, a, 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, B, pre) form well equilibrated, and it is used as
initial structure for MD simulations. For modeling the linker transition from (TS2:
ATP, B, post) to (TS3: ADP.Pi, B, pre), this transition was modeled in reverse direction
of the mechanochemical cycle by application of external work: from (TS3*: ATP, B,
pre) to (TS2: ATP, B, 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=-VU 1)

U=%k[vt—(R—R0)-n]2 @)

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

velocity refers as v, the time refers as ¢, 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 R, and the direction of pulling refers as n (J. Phillips et al., 2003).

While Linkerl-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, B, pre) and (TS2: ATP, B, post) states were showed that; static region has an
RMSD of 1.79 A, when alignment through C* atoms of this region, and linker region
that performs rigid body motion has an RMSD of 1 A, when alignment through C*
atoms of this region. H10 comprising residues 11397-A1425 residues acts as hinge.
Static regions of dynein (TS3*: ATP, B, pre) and (TS2: ATP, B, 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, f, pre) to those in (TS2:
ATP, B, 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 A/ns was selected. And,
spring constants of 10, 25, 50, 75, and 100 kcal /mol/A? 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 linker1l-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 C* atoms of the residues L1264, L1309, and V1325 to the center of
mass of the C* atoms of corresponding residues on Dictyostelium discoideum dynein,
which are L1531, 11572, and A1588. First trial was immediately failed, structural

11



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 /A% 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. C* 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, C* atoms of L1415-A1424 (H10-hinge) and
D1434-G1442 (H12) were kept fixed. After, spring test simulations, 50 kcal/mol /A?

was selected for further simulations.

Dynein linker was pulled for 5 ns, which means dummy atom was moved by 5 A 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 C* atoms were set by aligning H4, H5
and H7 of dynein (TS3*: ATP, B, 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/A? were applied for the harmonic constrains.

12



4RH7 1218
3VKG 1489
ARH7 1278
3VKG 1545
4RH7 1338
3VKG 1601
4RH7 1393
3VKG 1661
4RH7 1453
3VKG 1721
4RH7 1511
3VKG 1781
4RH7 1565
3VKG 1841
4RH7 1621
3VKG 1901

Figure 2.1

SMD
Pulling
Vector

GLPRGTSLEKLLFGDLLRVADTIVAKAADLKDLNSRAQGEVTIREALRELDLWGVGAVET 1277
NTN——WIITELTLGSIWDS——DLARNENIYREVITAAQGEIALEEFLKGVREFWTTLELD 1544

—_—

Link1-2

LIDYEDSQSRTMKLIKDWKDIVNQVGDNRCLLQSLKDSPYYKGFEDKVSIWERKLAELDE 1337
LVNY————QRKCKLVRGWDDLFNKLAEHLNSISAMKMSPYYKVFEEEANHWDDRLNKVRS 1600
B ST H7

YLONLNHIQRKWVYLEPIFGRG———-- ALPKEQTRFNRVDEDFRSIMTDIKKDNRVTTLT 1392

LLDVWIDVQRRWVYLEGIFSGSGDINQLLPAESTRFKSINSEFIAILKKVSGAPLILEVL 1660
H8 —

Hinge Helix
THAGIRNSLLTILDQLQRCQKSLNEF] SAFPRFYFIGDDDLLEILGQSTNPSVIQS 1452
AIERIQQTMERLSDLLGKVQKALGEYLERQRSAFARFYFVGDEDLLEIIGNSKDIIKIQK 1720

0 TR T STV ST
L1nk3-4

HLKKLFAGINSVCFDEKSKHITAMKSLEGEVVPFKNKVPLSN--NVETWLNDLALEMKKT 1510
HFRKMFAGLANLTLDDEKTTIIGMSSAEGETVTFKKPISIANGPKIHEWLTMVESEMKST 1780

LEQLLKECVTTGRS-—---- SQGAVDPSLFPSQILCLAEQIKFTEDVENAIKDHSLHQIE 1564
LATLLSESLQHFNQVDVNDHSKYSEWVDNYPTQLVLLTSQIVWSTQVDQALGGGTLQQSK 1840
[ Hid 1S R Hi6

TQLV-NKLEQYTNID--TSSEDPGNTESGILELKLKALILDIIHNIDVVKQLNQIQ-VHT 1620
IQEQLQSIEQTTQOMILNNLADSVLODLSAQKRKKFEHLITELVHQRDVVRQLQKCKNLTG 1900
H16

H17 —

TEDWAWKKQLRFYMKSD———---— HTCCVQMVDSEFQYTYEYQGNASKLVYTPLTDKCYLTL 1675
NKDFDWLYHMRYYYDATQENVLHKLVIHMANATFYYGFEYLGIGERLVQTPLTDRCYLTL 1960

- IR E» 00 B

: 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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2.3 Modelling the Linker Movement with Targeted MD Simulations

2.3.1 Theory

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

Urpp = %%[RMSD(L“) — RMSD*(t)] @)

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 C* atoms of residue stretches G1256-G1271 (H4), K1296-K1313
(H5), E1322-W1349 (H6), L1415-51424 (H10), D1434-G1442 (H12), P1447-1.1457
(H13), 11461-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/A% were tested, among
which k=400 kcal/mol /A% was strong enough for RMSD(t) to follow RMSD*(t)

closely.

2.4 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 ¢&.
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)

U;(R) = U,(R) + H;(§(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 U, (R), the reaction
coordinate (or coordinate of interest) refers as &, and some perturbing potential refers
as Hl-(f(R)). By adjusting Hi(E(R)) any region along the reaction coordinate can be

sampled.

In the present study, ¢ is the RMSD of the linker conformation with respect to its target
structure (PDB ID: 3VKG). Hl-(f (R)) is selected to be an harmonic restraint to the
reaction coordinate having ¢; as equilibrium position and k; as force constant. Thus,

the modified energy function is written as,

1 2 (5)
U;(R) = Uy,(R) + Eki(f(R) - &)

A force constant of k; = 25 kcal/mol/A? except two UMD simulations, for these
simulations k; = 50 kcal/mol/A? were used in all UMD simulations. Upon

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

probability distributions Pi(b) (&) can be obtained as,
P () = expl—B:(§)] = (SIER) — &) (6)

@; (&) is the PMF associated with ¢ if the simulation is carried out with the perturbing

potential H;(£(R)). From MD trajectories Pi(b ) (&) can be computed as the normalized
histogram of the values occurring during simulation i. The corresponding unbiased

probability distribution is defined as,

PU(&) = exp[B(H:(§) — fOIPP(®) (7)

fi is the free energy coming from the adding of the biasing potential H;(£(R)) to
U,(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)(f) obtained from

umbrella sampling simulations to get the total probability distribution P,(¢). Once
P, (&) is computed, the PMF can be evaluated by ®;(¢) = —%ln[Po(E)] . The main
steps of WHAM be listed as follows the total probability distribution in WHAM is

expressed as follows,

L ®)
R =€) PRV

Here total probability distribution P, (§) is written as a linear é-dependent combination

of Pi(“)(f), N is the total number of MD simulations, and n; is the number of

coordinate sets in the i MD simulation to compute Pi(b) (&), Py(&) is total probability

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

C= %lnD ®)
_Zo (10)
D= 7

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

normalization of weights followed equation is used,

ZN:Pi(f)=1

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

d(a?[Py()]) 0 12)
aP; B

(11)

then P, (&) obtained as,

(13)

c i p®
P Zz, T s ® " ©

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

energy parameters {f;} . To evaluate {f;} the following equation is solved iteratively,
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Iterations start with a guessed value {f;°} . f;° values are used to compute the right
hand side of Eq. 9 and by doing so a new set of parameters {f;'} is evaluated. This
procedure is repeated for [ steps until convergence in {fi’} values are observed. The

relative error of the WHAM can be computed by,

509 [ ./~

Here is the g overall factor with g = 1 4+ 27 and g values can be omitted. In addition

-1/2
(15)

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¢(¢) is computed and random numbers are
generated between 0 and 1,R, and c(¢) = R computed for &. WHAM calculations were
performed in MATLAB (The MathWorks, 2019) via the MDToolbox (Matsunaga,
2015).

2.5 Covariance Matrix and Principle Component Analysis

Linker conformations sampled during MD simulations were are aligned with the bent
crystal structure using the C* atoms. Using the aligned linker coordinates, the

covariance matrix is generated as follows,

=((R—(RNR—(RN") (16)

Here, R is the 3 X 400 = 1200 dimensional configurational vector composed of the
instantaneous C*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,

(17)

3N
C= Z oipipi"
=1

Here, p; is the i PC and o; is the constant is the corresponding variance. Thus, o;

scales with the magnitude of motion along p; . PCs are ordered in descending order

17



with respect to their g; values. Since PC1 and PC2 have the largest two variances,
making p, and p, are the most dominant motions observed in the MD simulations.

Projections of instantaneous coordinates along PCs are evaluated as r; = p;7 (R —

(R)).
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3. RESULTS & DISCUSSION

3.1 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, B, pre)=>(TS2: ATP, B, post) linker transition
pathway. The linker was aimed to pull through 5 A, 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 C* atoms of the residues L1264, L1309, and V1325 was
selected as SMD atoms, and the C* 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 C* 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.

SMD Atom SMD Atom

Figure 3.1 : Spring constant selection for the SMD simulations. Second trial of SMD
simulations for the pulling velocity of 1 A/ns was selected. And, spring constants of
10, 25, 50, 75, and 100 kcal/mol/A? parameters; SMD atoms were the C* atoms of
the L1264, L1309, and V1325 residues, and fixed atoms were the C* 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/Az spring
constant, and SMD atoms followed the dummy atom closely for 50, 75, and 100
kcal/mol/A? spring constants. These spring constants did not let the SMD atoms
fluctuation. So, 25 kcal/mol/A? 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 C* atoms of residues
G1256-G1271 (H4), K1296-K1313 (H5), and E1322-W1349 (H7) were selected as
SMD atoms and, C* 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/AZ spring

constant, for the 25 kcal/mol/i\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/A? spring constants. These spring constants did not
let the SMD atoms fluctuation. So, 50 kcal/mol/A? spring constant was chosen for

further simulations.
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Reaction Coordinate (A)

Time (ns)

Figure 3.3 : Spring constant selection for the SMD simulations. Second trial of SMD
simulations for the pulling velocity of 1 A/ns was selected. And, spring constants of
10, 25, 50, 75, and 100 kcal/mol/A? parameters; SMD atoms were the C* atoms of
G1256-G1271 (H4), K1296-K1313 (H5), and E1322-W1349 (H7) residues, and
fixed atoms were the C* 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.

3.2 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 8" 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-1 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.

Linker

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
AAAAL 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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3.3 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 & 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 & 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.
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Figure 3.6 : Distribution of UMD simulations along the &. Dashed line indicates the
gates, and yellow stars indicates center positions of the UMD.

3.4 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.

-0.02
-0.04
-0.06

-0.08

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, B, 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.Pi1, B, pre) and (TS5: ADP, a, post) crystal structures are shown with grey and
magenta squares, respectively.

3.5 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 & was selected as 1 A wide, in the range from 3 A to 10 A. 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 ¢ window and the magnitude of the guiding potential through the UMD
simulations were identified. Free energy profile was established by using WHAM
(Egs. 6-9) as a function of & and free energy profile is shown in Figure 3.8. Decreasing
free energy profile was observed from 3 A to 10 A. Free energy difference between of
A® = ®(10A) — ®(3A) = —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.
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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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3.6 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
Il 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 (¢ = 3 A), the type Il 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 (AAAA4). For the bent linker (£ = 10 A), on the other hand,
Link1-2 formed the following interdomain type Il salt bridge with AAA3; E1337(H7)-
R2344(AAA3). Additionally, the bent linker formed intradomain type Il 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 Il salt bridges while the
bent linker formed only 3 type Il salt bridges. The locations of the type Il salt bridges
for the straight and bent linker conformations are shown in Figure 3.10.

L/

E2745

LG \\J\
& E1322

Figure 3.10 : Location of salt bridges broken and formed throughout the linker
movement during priming stroke. (A) Type Il 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 & = 3 A'to & = 10 A 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 & = 3 A to
& =10 A. 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 A(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 Il salt bridge was deemed to be present at that window
along &. 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 Il 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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4. 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/AAA3S. 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->TSb5), 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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APPENDICES

APPENDIX A: Sequence alignment of the Dynein

4R]f7 (ADP.Vi) 3VKG (ADP)
DYHCZ HUMAN 1079 SAKLIKEKKI----EFDDLEVTRKKLVDDCHHFRLEEPNFSLASSISKDIESCAQIWAFY 1134
DYHC DICDI 1346 TLKIFEGRLIRLREESDRLSKAKQAL-DLTDTTGSSSSDQDRLVPVEEEIQDLKAVWVEL 1404
DYHC_YEAST 1186 ILEFFNESITKLKKKMHSVAAAAKML-LI------ PVVLNDQLTHVVEEVKTYDLVWRSI 1238

DYHCZ HUMAN 1135 EEFQQGFQEMANEDWITFRTKT--YLFEEFLMNWHDRLRKVEEHSVMTVKLQSEVDKYKI 1192
DYHC_DICDI 1405 SNTWQEIDSLKETAWSAIIPRKVRKSLEDTLQKLKNLPNRIR-QYSAFDHAQNLIKIYLK 1463
DYHC_YEAST 1239 KNLWEDVQRTFETPWCRVDVLLLQSDLANFLRRADELPRAVK-QFEMYKSLFSQVNMLTS 1297

DYHCZ HUMAN 1193 VIPILKYVRGEHLSPDHWLDLFRLLGLPRGTS--LEK--LLFGDLLRVADTIVAKAADLK 1248
DYHC _DICDI 1464 GNAIITDLHSEAIKDRHWKILKKRLNTNWIITE------ LTLGSIWD--SDLARNENIYR 1515
DYHC_YEAST 1298 VNKILVELKDGALKPRHWNMIFRDIGKRQIQKNLLDKLEFSLKDVMV--LNLTLNEILLT 1355

4AKP (APO)

DYHCZ HUMAN 1249 DLNSRAQGEVTIREALRELDLWGVGAVFTLIDYEDSQSRTMKLIKDWKDIVNQVGDNRCL 1308
DYHC _DICDI 1516 EVITAAQGEIALEEFLKGVREFWTTLELDLVNY----QRKCKLVRGWDDLEFNKLAEHLNS 1571

DYHC_YEAST 1356 KIIERAQKEFVIEKSLNRIKKFWKEAQYE‘EEE*777SSGLKLVREWDVLE%ACKEDLEE 1411

—
Link1-2

DYHCZ HUMAN 1309 LQOSLKDSPYYKGFEDKVSIWERKLAELDEYLONLNHIQRKWVYLEPIFGRG----- ALPK 1363
DYHC_DICDI 1572 ISAMKMSPYYKVFEEEANHWDDRLNKVRSLLDVWIDVQRRWVYLEGIFSGSGDINQLLPA 1631

DYHC YEAST 1412 LVSMKASNYYKIFEiDCLDLESKLTKLSEIEVNWVEViFYWLDLYGILGENLDIQNE‘Lii 1471

Hinge helix

DYHC2 HUMAN 1364 EQTRFNRVDEDFRSIMTDIKKDNRVTTLTTHAGIRNSELTILDOLORCOKSINEFLEEKR 1423
DYHC DICDI 1632 ESTRFKSINSEFIAILKKVSGAPLILEVLAIERIQQTMERLSDLLGKVQKALGEYLERQR 1691

DYHC_YEAST 1472 ETSKFKSL‘I‘SEYKMITTRAF'LDTTIEVIHIENFDTTLKLTIDSLKMIKSSLSTFLERIR 1531
H8 | WLEE | H10

DYHCZ2 HUMAN 1424 .FPRFYFIGDDDLLEILGQSTNPSVIQSHLKKLFAGINSVCFDEKSKHITAMKSLEGEV 1483
DYHC DICDI 1692 SAFARFYFVGDEDLLEIIGNSKDIIKIQKHFRKMFAGLANLTLDDEKTTIIGMSSAEGET 1751

DYHC_YEAST 1532 RﬁFPRFYFLGNDDLLKIIGSGKHHDQVSKEMKKMFGSIESIIFLE**DFITGVRSVEGEV TRR9

—
Link3-4

DYHC2_HUMAN 1484 VPFKNKVPLSNN--VETWLNDLALEMKKTLEQLLKECVTTGR-————— 5SQGAVDPSLFP 1535
DYHC_DICDI 1752 VIFKKPISIANGPKIHEWLTMVESEMKSTLATLLSESLQHFNQVDVNDHSKYSEWVDNYP 1811

DYHC_YEAST 1590 iﬁLNEKIELKDSIQAﬁEWLNILDTEIKLSVE‘TEFRDCLGEL 77777 KDGTDIEVVVSKYI 1644

DYHCZ HUMAN 1536 SQILCLAEQIKFTEDVENATKDHSLHQIETQLV-NKLEQYTN--IDTSSEDPGNTESGIL 1592
DYHC DICDI 1812 TQLVLLTSQIVWSTQVDQALGGGTLQQOSKIQEQLQOSIEQTTQMILNNLADSVLQDLSAQK 1871
DYHC_YEAST 1645 FQAILLSAQVMWTELVEKCLQTNQFSKYW-----— KE----VDMKIKGLLDK-LNKSSDNV 1694

Connector peptide
DYHC2_HUMAN 1593 ELKLKALILDIIHNIDVVKOLNQIQVHTT=EDWANKKOUREYMKSDR=====TCEVOMVD 1616
DYHC_DICDI 1872 RKKFEHLITELVHQRDVVRQLOKCKNLTGNKDFDWLYHMRYYYDATQENVLHKLVIHMAN 1931

DYHC YEAST 1695 KKKIEALLVEYLHFNNVI Gi iLKNCSTKEE—ARLLWAKVQKFYi iKNDTLDDLNSVFI Si %SG 1753

DYHC2_HUMAN 1647 SEFQ¥TYEYQGNASKLVYTPLTDKCYLTLTQAMKMGLGGNPYGPAGTGKTESVKALGGLL 1706
DYHC DICDI 1932 ATFYYGFEYLGIGERLVQTPLTDRCYLTLTQALESRMGGNPFGPAGTGKTETVKALGSQL 1991

DYHC YEAST 1754 YLLOYKFEYIGIPERLIYTPLLLIGFATLTDSLHOKYGGCFFGPAGTGKTETVKAFGONL 1813
- S8 HO B Sl H1

—
AAAIL
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DYHC2 HUMAN
DYHC_DICDI
DYHC_YEAST

DYHC2 HUMAN
DYHC_DICDI
DYHC_YEAST

DYHC2 HUMAN
DYHC_DICDI
DYHC_YEAST

DYHC2 HUMAN
DYHC DICDI
DYHC_YEAST

DYHC2_ HUMAN
DYHC_DICDI
DYHC YEAST

DYHC2_ HUMAN
DYHC DICDI
DYHC_YEAST

DYHC2 HUMAN
DYHC DICDI
DYHC_YEAST

DYHC2 HUMAN
DYHC DICDI
DYHC_YEAST

DYHCZ_HUMAN
DYHC DICDI
DYHC_YEAST

DYHC2 HUMAN
DYHC_DICDI
DYHC_YEAST

DYHC2_ HUMAN
DYHC_DICDI
DYHC_YEAST

1707
1992
1814

1767
2052
1874

1826
2109
1930

1886
2169
1983

1932
2229
2027

1992
2289
20R7

2047
2348
2147

2107
2408
2207

2163
2467

2256

2186
2527
2277

2202
2587
2332

GRQVLVFNCDEGIDVKSMGRIFVGLVKCGAWGCFDEFNRLEESVLSAVSMQIQTIQDALK 1766
GRFVLVFCCDEGFDLQAMSRI FVGLCQCGAWGCFDEFNRLEERILSAVSQQIQTIQVALK 2051

GR CDDSFDYQVLSRLLVGITQIGAWGCFDEFNRLDEKVLSAVSANIQOIONGLY 1873
PS-I insert Sensor-I loop
NHRTVCELLGK-EVEVNSNSGIFIT DNLKQLFRPVAMSHPDNELI 1825

ENSKEVELLGGKNISLHQDMGIFVTMNP---GYAGRSNLPDNLKKLFRSMAMIKPDREMI 2108
VGKSHITLLEE-ETPLSPHTAVFITLNP---GYNGRSELPENLKKSFREFSMKSPQSGTI 1929
: sa SR ED— a3

—
AAAIS
AEVILYSEGFKDAKVLSRKLVATIFNLSRELLTPQQHYDWGLRALKTVLRGSGNLLRQLNK

AQVMLYSQGFKTAEVLAGKIVPLFKLCQEQLSAQSHYDFGLRALKSVLVSAGGIKRKCQP
AEMILOIMGFEDSKSLASKIVHFLELLSSKCSSMNHYHFGLRTLKGVLRN——————— CSP

1885
2168
1982

SGTTQNA-————————————— NESHIVVQALRLNTMSKFTFTDCTRFDALTKDVFPGTEL
PQLPPITDAESKTKADQIYCQYEIGVLLNSINDTMI PKLVADDI PLIQSLLLDVFPGSQL
LIS-EFGEGEK-———————————— TVVESLKRVILPSLGDTDELVFKDELSKIFDS-AG
T R - T N

1931
2228
2026

KEVEYDELSAALKQVFEEANYEIIPNQIKKALELYEQLCQRMGVVIVGPSGAGKSTLWRM
QPIOMDQLRKKIQEIAKQRHLVTKQEWVEKILQLHQILNINHGVMMVGPSGGGKTTSWEV

TPLNSKAIVQCLKDAGQRSGFSMSEEFLKKCMOFYYMOKTQQALI LVGKAGCGKTATWKT
‘ HO s1 H1

1991
2288
2086

—
AAA2L .

H2 insert
LRAALCK-TGKVVKQYTMNPKAMPRYQLLGHIDMDTREWSDGVLTNSARQVVREP----Q
YLEATEQVDNIKSEAHVMDPKAITKDQLFGSLDLTTREWTDGLFTATLRRIIDNVRGES-
VIDﬁ?AIFDGHANVV}yIDTKVLTKESLYGSMLKATLEWRDGLFTSILE?VNDDITGTFK

H2 =

2046
2347
2146

PS-I insert
DVSSWIICDGDIDPEWIESLNSVLDDNRLLTMPSGERIQFGPNVNFVFETHDLSCASPAT
TKRHWIIFDGDVDPEWVENLNSLLDDNKLLTLPNGERLALPNNVRVMFEVQDLKYATLAT
NSRIWVVFDSDLDPEYVEAMNSVLDDNKILTLPNGERLPIPPNFRILFETDNLDHTTPAT
[— s3 T— H3 54 T Ha

2106
2407
2206

2162
2466
2255

ISRMGMIFLSDEETDLNSLIKSWLRNQPAEYRNNLENWIGDYFEKALQWVLKQ-NDY--~
ISRCGMVWFSEEILTTOMIFONYLDTLSNEPFDPQEKEQQKRNENA-QLOQQOQTTITSP

ITRCGLLWFSTDVCSISSKIDHL----LNKSYEALDNKLSM——————— FELDKLKDLISD
—= §5 T H5 — H6 =

—_—

AAA2S

2185
2526
2276

——————————————————————————————————————— D-----EFIINLIRGLGGNLN

DFTRLRVLNSFFSLMNRSIVNVIEYNQLHSDFPMSPENQSNYITNRLLYSLMWGLGGSMG

GVRTFNKLETAV---QLAVHLISSYRQWFQNLD--DKSLKDVITLLIKRSLLYALAGDST
H8

2201
2586
2331

MKSRLEFTKEVFHWARESPPDFHKPMDTYYDS----TRGRLATYVLKKPEDLTADDFSNG
LVERENFSKFIQTIAITPVPANTIPLLDYS---VSIDDANWSLWKNKVPS-VEVETHKVA

G-——ESQRAFIQTINTY-FGHDSQELSDYSTIVIANDKLSFSSFCSEIPS-VSLEAHEVM
= H9 H10

2257
2642
2386
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DYHCZ2 HUMAN
DYHC DICDI
DYHC YEAST

DYHC2 HUMAN
DYHC_DICDI
DYHC YEAST

DYHCZ_ HUMAN
DYHC DICDI
DYHC_YEAST

DYHC2 HUMAN
DYHC DICDI
DYHC_YEAST

DYHC2_ HUMAN
DYHC_DICDI
DYHC_YEAST

DYHC2_ HUMAN
DYHC DICDI
DYHC_YEAST

DYHC2 HUMAN
DYHC DICDI
DYHC_YEAST

DYHC2 HUMAN
DYHC_DICDI
DYHC_YEAST

DYHCZ_HUMAN
DYHC _DICDI
DYHC YEAST

DYHC2 HUMAN
DYHC_DICDI
DYHC YEAST

DYHC2 HUMAN
DYHC_DICDI
DYHC_YEAST

2258
2643
2387

2318
2701
2445

2376
2761
2504

2435
2821
2564

2495
2875
2618

2555
2933
2676

2613
2974
2718

2673
3034
2778

2733
3094
2838

2789
3154
2898

2843
3214
2956

LTLPVIQTPDMQRGLDYFKPWLSSDTKQPFILVGPEGCGKGMLLRYAFSQLRSTQIATVH
SPDVVIPTVDTTRHVDVLHAWLSE--HRPLILCGPPGSGKTMTLTSTLRAFPDFEVVSLN
RPDIVIPTIDTIKHEKIFYDLLNS-~KRGIILCGPPGSGKTMIMNNALRNSSLYDVVGIN

—

AAA3L )
H2-S3 insert

CSAQTTSRHLLOKLSQTCMVISTNTGRVYRPK-~DCERLVLYLKDINLPKLDKWGTSTLY
FSSATTPELLLKTFDHHCEYKRTPSGETVLRPTQLGKWLVVEFCDEINLPSTDKYGTQRVI
FSKDTTTEHILSALHRHTNYVTTSKGLTLLPKS-DIKNLVLFCDEINLPKLDKYGSQNVV

s —

PS-I insert
AFLOQOVLTYQGEFYDE-NLEWVGLENIQIVASMSAGGRLGRHKLTTRFTSIVRLCSIDYPE
TFIROQMVEKGGFWRTSDHTWIKLDKIQFVGACNPPTDAGRVQLTHRFLRHAPILLVDFFES

LELROLMEKQGFWKTPENKWVTIERIHIVGACNPPTDPGRIPMSERETR! YLGYPS
. R

REQLQTIYGAYLEPVLHKNLKNHSIWGSSSKIYLLAGSMVQVYEQVRAKFTVDDYSHYFF
TSSLTQIYGTFNRALMKLLPNL-—---- RSFADNLTDAMVEFYSESQKRFTPDIQAHYTY
GKSLSQIYEIYYKAIFKLVPEF--——-— RSYTEPFARASVHLYNECKARYSTGLQSHYLF
w0 e

—_—
AAA3S

TPCILTQWVLGLFRYDLEGGSSNHPLDYVLEIVAYEARRLFRDKIVGAKELHLFDIILTS
SPRELSRWDRALLEAIQTM--DGCTLEGLVRLWAHEALRLFQDRLVETEEKEWTDKKIDE

SPRELTRLVRGVYTAINTG——PRQTLRSLIRLWAYEAWRIFADRLVGVKEKNSFE%LLYE

VFQGDWGSDILDNMSDS--FYVTWGARHNSGARAAPGQPLPPHGKPLGKLNSTDLKDVIK
VALKHFPSVNLDAL-KRPILYSNWL-----———-==—=—=—=—--— TKDYQPVNRSDLREYVK
TVDKYLPNQDLGNISSTSLLEFSGLL-=========-======== SLDFKEVNKTDLVNFIE

KGLIHYGRDNQNLDILLFHEVLEYMSRIDRVLSFPGGSLLLAGRSGVGRRTITSLVSHMH
ARLKVFYEEELDVPLVLEFNEVLDHILRIDRVFRQPQGHALLIGVSGGGKSVLSRFVAWMN

ERFKTFCDEELEVPMVIHESMVDHILRIDRALKQVQGHMMLIGASRTGKTILTREFVAWLN
HO S1 H1

—
AAA4L

GAVLFSPKISRGYELKQFKNDLKHVLQLAGIEAQQVVLLLEDYQFVHPTFLEMINSLLSS
GLSIYTIKVNNNYKSSDFDDDLRMLLKRAGCKEEKICFIFDESNVLESSFLERMNTLLAG
GLKIVQPKIHRHSNLSDFDMILKKAISDCSLKESRTCLIIDESNILETAFLERMNTLLAN

©os2 H2 S H3
PS-I insert
GEVPGLYTLEELEPLLLPLKDQASQDGFF-~==~GPVENYFTYRIQONLHIVLIMDSANSN

GEVPGLFEGEEFTALMHACKETAQRNGLILDSEEELYKYFTSQVRRNLHVVETMNPASPD
ADIPDLFQGEEYDKLLNNLRNKTRSLGLLLDTEQELYDWEVGEIAKNLHVVETICDPTNN
sa

]

FMINCESNPALHKKCQVLWMEGWSNSSMKKIPEMLFSETGG-GEKYNDKK-RKEEK-~~~
FHNRSATSPALEFNRCVLDWEGEWSPEALFQVGSEFTRNLDLENPQYIAPPVFIQEAEIMG
KS5SAMISSPALFNRCIINWMGDWDTKTMSQVANNMYVDVIPMEFTDFIVPEVNKELV--FT

—

Stalk CC1
—K--—--KNSVDPDFLKSFLLIH-—-—-—-————- ESCKAYGATPSRYMTFLHVYSAISSS
NNLMAIPPSHRDAVVSSLVYIHQTIGEANIRLLKRQGRONYVTPRHYLDFINQVVLLINE
EP----IQTIRDAVVNILIHFDRNFY-—-—---- QKMKVGVNPRSPGYFIDGLRALVKLVTA

e — H7 H8
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2317
2700
2444

2375
2760
2503

2434
2820
2563

2494
2874
2617

2554
2932
2675

2612
2973
2717

2672
3033
2777

2732
3093
2837

2788
3153
2897

2842
3213
2955

2885
3273
3005



DYHCZ_ HUMAN
DYHC DICDI
DYHC YEAST

DYHC2 HUMAN
DYHC DICDI
DYHC YEAST

DYHCZ HUMAN
DYHC DICDI
DYHC YEAST

DYHC2 HUMAN
DYHC_DICDI
DYHC YEAST

DYHCZ2_ HUMAN
DYHC DICDI
DYHC YEAST

DYHC2 HUMAN
DYHC_DICDI
DYHC YEAST

DYHCZ_ HUMAN
DYHC DICDI
DYHC_YEAST

DYHCZ HUMAN
DYHC DICDI
DYHC_YEAST

DYHC2 HUMAN
DYHC DICDI
DYHC YEAST

DYHCZ HUMAN
DYHC DICDI
DYHC YEAST

DYHCZ HUMAN
DYHC DICDI
DYHC YEAST

2886
3274
3006

2946
3334
3066

3006
3394
3126

3065
3454
3186

3125
3513
3245

3185
3573
3305

3239
3633
3365

3298
3692
3425

3358
3752
3484

3418
3812
3544

3478
3872
3604

KKKELLKRQSHLQAGVSKLNEAKALVDELNRKAGEQSVLLKTKQDEADAALOMI TVSMQD
KRDQLEEEQLHLNI GLKKLRDTEAQVKDLOVS LAQKNRELDVEKNEQANQKLKOMVODOQA

KYQDLQENQREVNVGLEKLNESVLKVNELNKTLSKKSTELTEKEKEARST LDKMLMEQNE
| H8

ASEQKTELERLKHRIAEEVVKIEERKNKIDDELKEVQPLVNEAKLAVGNIKPESLSEIRS
AEIKQKDARELQVQLDVRNKEIAVQKVKAYADLEKAEPAITEAQEAVSTIKKKHLDEIKS

SERKQEATEEIKKILKVQEEDIRKRKEVVMKSIQDIEPTILEAQRGVKNIKKQQLTEIRS
H8 H1
—

MTBD

LRMPPDVIRDILEGVLRLMGIFDTSWVSMKSFLAKRGVREDIATFDARNIS-KEIRESVE
LPKPPTPVKLAMEAVCLIMLGGKKLEWADIRKKIMEPNFITSIINYDTKKMMTPKIREAIT
MVNPPSGVKIVMEAVCAILGYQFSNWRDIQOQFIRKDDFIHNIVHYDTTLHMKPQIRKYME
— H2 H3 H4 r— H5

Stalk CC2
ELLFKNKGSFDPKNAKRASTAAAPLAAWVKANIQYSHVLERIHPLETEQAGLESNLKKTE
KG-YLEDPGFDYETVNRASKACGPLVKWATAQTYYSEILDRIKPLREEVEQLENAANELK

EE-FLSDPNFTYETINRASKACGPLYQWVNAQINFSKVLENVDPLRQEMKRIEFESLKTK
H5 H6 — H9

DRKRKLEELLNSVGQKVSELKEKFQSRTSEAAKLEAEVSKAQETTIKAAEVLINQLDREHK
LEKQDEIVATITALEKSIATYKEEYATLIRETEQIKTESSKVKNKVDRSIALLDNLNSERG

ANLLAAEEMTQDLEASIEVSKRKYSLLIRDVEAIKTEMSNVQANLDRSISLVKSLTFEKE
H9
RWNAQVVEITEELATLPKRAQLAAAFITYLSAAPESLRKTCLEEWTKSAGLE- ==~~~ KF

RWEQQSENFNTOQMSTVVGDVVLASAFLAYIGFFDOQNFRTDLMRKWMIRLDSVGIKFKSDL
RWLNTTKQFSKTSQELIGNCIISSIYETYFGHLNERERADMLVILKRLLGKFAVKYDVNY
H9 H10

DLRRFLCTESEQLIWKSEGLPSDDLSIENALVI-LQSRVCPFLIDPSSQATEWLKTHLKD
SVPSFLSKPEERLNWHANSLPSDELCIENA-IMLKRENRYPLVIDPSGQAMEFLMNQYAD

RFIDYLVTLDEKMKWLECGLDKNDYFLENMSIVMN SQDAVPFLLDPSSHMITVISNYYGN
= H11 HO S1 H1
—

AAASL

PS-I insert
SRLEVINQODSNFITALELAVRFGKTLIIQEMDGVEPVLYPLLRRDLVAQGPRYVVQIGD
KKITKTSFLDSSFMENLESALRFGCPLLVQDVENIDPVLNPVLNKEIRKKGGRILIRLGD

-KTVLLSFLEEGFVKRLENATRFGSYVIIQDGEFFDPIISRLISREFNHAGNRVTVEIGD
o s2 H2 3w ‘

KIIDYNEEFRLFLSTRNPNPFIPPDAASIVTEVNFTTTRSGLRGQLLALTIQHEKPDLEE
QDVDFSPSFMIFLFTRDPTAHFTPDLCSRVTEVNEFTVTPSSLQSQCLHEALKTERPDTHK

HEVDVSGDFKLEIHSCDPSGDIPIFLRSRVRLVHEVTNKESIETRIFDITLTEENAEMOR
! s4 H4 85 H5

—

AAASS

Buttress CC1 Buttress CC2

QKTKLLQQEEDKKIQLAKLEESLLETLATSQGNILENKDLIESLNQTKASSALIQESLKE
KRSDLLKIQGEFQVKLRILEKSLLNALSQASGNILDDDSVISTLETLKKETTEIALKVEE
KREDLIKLNTEYKLKLKNLEKRLLEELNNSQGNMLENDELMVTLNNLKKEAMNIEKKLSE

SYKLQISLDQERDAYLPLAESASKMYFIISDLSKINNMYRFSLAAFLRLFQRALQNKQDS
TETVMQEISEVSALYNPMALSCSRVYFAMEELSQFHL-YQFSLRAFLDIFYNLLNNNPNL

SEEFFPQFDNLVEEYSIIGKHSVKIFSMLEKFGQFHWEYGISIGQFLSCFKRVFIKKSRE
HE e H7

=
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2945
3333
3065

3005
3393
3125

3064
3453
3185

3124
3512
3244

3184
3572
3304

3238
3632
3364

3297
3691
3424

3357
3751
3483

3417
3811
3543

3477
3871
3603

3537
3930
3663



DYHCZ2 HUMAN
DYHC DICDI
DYHC_YEAST

DYHCZ HUMAN
DYHC DICDI
DYHC YEAST

DYHCZ2 HUMAN
DYHC_DICDI
DYHC YEAST

DYHC2 HUMAN
DYHC DICDI
DYHC_YEAST

DYHCZ2 HUMAN
DYHC DICDI
DYHC_YEAST

DYHCZ HUMAN
DYHC DICDI
DYHC_YEAST

DYHCZ HUMAN
DYHC DICDI
DYHC YEAST

DYHCZ HUMAN
DYHC_DICDI
DYHC_YEAST

DYHCZ2_ HUMAN
DYHC_DICDI
DYHC YEAST

DYHCZ2_ HUMAN
DYHC DICDI
DYHC YEAST

DYHCZ HUMAN
DYHC_DICDI
DYHC YEAST

DYHCZ HUMAN
DYHC DICDI
DYHC_YEAST

3538
3931
3664

3589
3988
3175

3643
4039
3743

3691
4099
3771

3750
4157
3811

3805
4213
3871

3864
4271
3929

3915
4331
3982

3975
4385
4033

4026
4438
4081

4072
4495

4132
4553

ENT-EQRIQSLI----SSLOHMVYEYICRCLFKADQLMFALHFV----RGMHPELFQENE

VD-KKDPNERLVYL-SKDIFSMTFNRVTRTLLNDDKLTFALQLTIISVKGTS-NEIEESE
TRAARTRVDEILWLLYQEVYC----QFSTAL--DKKFKMIMAMTMFCLYKF-—--DIESEQ

WDTFTGVVVGDMLREKADSQQKIRDQLPSWI—-——-DQERSWAVATLKIALPSLYQ--TLCF
WDFLLK--—-————-— GGDNLTSIKETIPQLDSLLSTTQQOKWLI-CLRQQOVPSFSKLVDHIQ
D KEAVLTMIGVLSES————————— SDGVPKLT--VDTNN
H10 H11 ~ H12

EDAATWRTYYNNSMCE-———————————— QEFPSILAKKVSLFQOQILVVQALRPDRLQSAM
ONSSDWKQFFGKDQVGEPIIPESWIVAQAQLSNQQSTIVSNFRKILLMKAFHSDRVLQYS
DLRYLWDYVTTK----SYISALNWFK--—-————-—-————————— NEFFVD-————-——-————
— H13 H14 H15 = H16

ALFACKTLGLKEVSPLPLNLKRLYKET-LEIEPILIIISPGADPSQELQELANAERSGEC

HSFVCSVFGEDFLNTQELDMANIVEKEVKSSSPLLLCSVPGYDASSKVDDLALQL--HKQ
———————————————— EWNIADVVANSE--NNYFTMASERDVDGTFKLIELAKAS--KES
H16 . [ s owm
—
AAAGL

YHQVAMGQG-QADLATIQMLKECARNGDWLCLKNLHLVVSWLPVLEKE-—---LNTLQPKDT
YKSFAIGSPEGFELAEKSIYAAAKSGTWVLLKNIHLAPOWLVQLEKK--—--LHSLSPHPS

LKIIPLGSIENLNYAQEEISKSKIEGGWILLONIQMSLSWVKTY LHKHVEETKAAEEHEK
“lsz e T R IS e e

FRLWLTAEVH-PNFTPILLOSSLKITYESPPGLKKNLMRTYESWTPEQISKKDNTHRAHA
FRLFMTSEIH-PALPANLLRMSNVFSYENPPGVKANLLHTFIGI-PATRMDKQPAERSRI

FEMFMTCHLTGDKLEPAPLLORTDREVYEDI PGILDTVKDLWG-S-QFFTGKI SEVISVYC
sa W& [ss W5 [He

—
AAAGS

WEFVHGLLENAIYGGRIDNYFDLRVLQSYLKQFFNSSVIDVENQRNKKSIFPYSVSLPQS
WIAVRTILGSTIYGGRIDNEFDMRLLYSFLEQLFTPSAFNPDFP-——-— LV-PSIGLSVP

WAQVRDHIATIVYGGKIDEEKDLEVVAKLCAHVFCGSDN---LQ-———— IV-PGVRIPQP

S W W0 [H11 ]

——————— C--SILDYRAVIEKIPEDDKPSFFGLPANIARSSQRMISSQVISQLRILGRSI

————— EGTTRAHFMKW--IEALPEISTPIWLGLPENAESLLLSNKARKMINDLOQKMQSSE

LLQOSEEEERARLTAILSNTIEPADSLSSWLQLPRESIINYE-———————————— RLOAKE
—

C-terminal domain

TAGSK-—-—-—-———————— FDREIWSNELSPVLNLWKKLNONSNLIHQKVPPPNDRQGSP
EDGEDDQVSGSSKKESS555SEDKGKAKLRATI TEWTKLLPKPLKQ-- - LKRTTONIKDP
VASSTEQLLQEM———— == = o o — - ———————————_

ILSFIILEQFNAIRLVQSVHQSLAALSKVIRGTTLLSSEVQKLASALLNQKCPLAWQSKW
LFRCFEREISTGGKLVKKITNDLANLLELISGNIKSTNYLRSLTTSISKGIVPKEWK--W

3588
3987
3714

3642
4038
3742

3690
4098
3770

3749
4156
3810

3804
4212
3870

3863
4270
3928

3914
4330
3981

3974
4384
4032

4025
4437
4080

4071
4494
4092

4131
4552

4180
4601



DYHCZ2_HUMAN
DYHC_DICDI
DYHC_ YEAST

DYHCZ2_ HUMAN
DYHC_DICDI
DYHC_YEAST

DYHC2_ HUMAN
DYHC DICDI
DYHC_YEAST

4181
4602

4240
4662

4298
4719

NALRQETARAVGRSVDSLKFVASWKGRLQ-EAKLQIKISGLLLEGCSFDGNQLSENQLDS 4239
TATRQSASQLNGWSLENLRLHASSLGKISSEGGASFNVKGMALEGAVWNNDQLTPTDILS 4661

PSVSSVLPCFMGWIPQDACGPYSPDECISLPVYTSAERDRVVTNIDVPCGGN--QDOWIQ 4297
TPIS---IATLTWKDKDDPIFNNSSSKLSVPVYLNETRSELLFSIDLPYDQSTSKQNWYQ 4718

CGAALFLKNQ—— 4307
RSVSISSWKSDI 4730
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