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Abstract
Dynein and kinesin are motor proteinsvolved in theretrogradeand anterograde,
respectrely, transport of cargoes, including viral genomes following infection. Current
literature reveals thaboth proteinsplay critical rolesin ensuring successful viral
proliferation. The literaturealso showsthat the motor proteins are involved in the
immurological response dfiost cells. Smallmoleculeinhibitors of kinesin and dynein
inform of the function of the proteins during viral proliferation amdmunological

response.

The investigation of thebinding profile ofsmallmolecule inhibitors of dynein,
namely,ciliobrevin and analogues as well as dynapyrazoknd B,and the protonated
forms of the lead compounds at the AAA1 binding site of dynein revealed the identity of
the residues interacting withe inhibitors This researctprojectalso analyzedhe effect
of isomerkation of ciliobrevin on its binding profile, the impact of moation of lead
compounds on the binding affinity of the inhibitoasd the intramolecular interactions in
dynein The resultssugges a potential residuén the AAA1 subunit of cytoplasmic
dynein 1that could be involved in thiglutamate switch me ¢ hwhith asaording to

the literaturehas not been observed in dynein 1.
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Introduction and Overview
Dynein and kinesin are motor proteinsthat perform their motor functions via
mi crotubules (MTs), which are proteins in
b het er-prateins)acting @s an arranged system of tracks that allow delivery of
cargoes, such as mRNA, nucleus, mitochi@ydand vesiclesDynein belongs tdhe
ATPases Associatedith various cellular ActivitiesAAA+) superfamily meaning they
employ energy generatddom hydrolysis of ATP to accomplish thefunctions. The
motor proteinensures the retrograde transpooim the cell periphery to the perinuclear
region, whereas kinesin directs the anterograde transport, from the perinuclear area to the
cell periphery Dynein and kinesimparticipate incellular functions such as cell diws,
immunological responseand embryogenesisDefects in the motor proteins can cause
pathologies such asancer, neurodegenerative diseases (NDDsyhich include

Parkinsonds disease (PaDJHUNAI nlge iomédrsdé i dieas

During viral infection, viruses exploit thgelivery function of kinesin and dynein
to ensure viral proliferation. Chaptey dn article in preparation for publicatiayviews
the role of the motorproteins in the export and import of viral genome foliogviviral
infection and their role in the immunological response of the host cells. Chaptar 2
published article cauthored with Dr. Alisaraie, focuses on snmathlecule inhibitors of
dynein, ciliobrevin and analogues, and dynapyrazole A ance®alingtheir binding
profile using computational chemistayd structural biology methodas the binding site

of the inhibitors had not been analyzed in the literature.
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This research work contributes to the feetd biochemistry,medicinalchemistry,
and pharracy, as the knowledge provided throutpfe scientific review in Chapter 1
summarizes thembivalent role ofdynein and kinesin in both viral proliferation and
immunological responsélhe scientific investigationin Chapter 2guides onavenues to
improve the selectivity of the inhibitorsn dynein isoforms, uncovers the identity of
residues interacting with the inhibitors, directs future research on improving the potency
and reducing the toxicity of the smatlolecule inhibitors with th@bjective that a drug
could be generated to treat dynelpsfunctions This research work alsproposes a
potenti al candidate involved in the 6gl ut a

not been observed yet in experimental crystal structuresaslegmic dynein 1

The objectives of this thesis research werestplore the role of dynein and
kinesin in the transport of viral particles in cells andetocidate the binding site of
inhibitors of cytoplasmic dynein 1 using silico methods Chapter linforms that while
viruses exploit cellular delivery machieto ensure their viabilitythe motor proteins
kinesin and dynein are actorsgeneratinghe immunological response. Hence, therapies
involving the target of the motor proteins through smadlecule inhibitors must
consider the action of the proteins in promoting the immune response to avoid an
impairment of the immunity system of host cellbe investigation on the binding profile
of smalkmolecule inhibitors of dyneioarried in Chapter 2 is a steppiatpne for future
research on the refinement of the inhibitagainstNDDs and viral infection$o result in

efficient inhibition of dyneimandisoform selectivity.
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CHAPTER 1

Introduction

1.1. Motor Proteins
Viruses are infectious agents that can be enveloped like the influenza virus,-or non
enveloped like the Human Papillomavirus (HP\). The interior of the envelope of
viruses displays aapsid, which refers to theotein shell protecting the nucleic acid of
the viral genomd2]. Virusescontain either DNA or RNA as their genetic information,
which they inject into host cells to hijack their cellular tools to replicate their viral
genome[3]. The infectious agentsare characterized by three stages, which are entry,
genome replication, and exit or egress in their life cycle in cells. The entry step involves
four steps: attachment, penetration, cytoplasmic trafficking, aodatimg. For successful
viral infection, viruses completing genome replication at the nucleus of the host must
cross the plasma membrane and the nuclear envelope, whereas the viruses replicating at
the cytoplasm need only to cross the plasma membfaheViruses exploit the

intracellular trafficking machinery of the host cell to ensure their proliferation.

Dynein and kinesin amotor proteins involved in cytoplasmic traffickirjd]. Dynein

is responsible for retrograde transpfi} from the cell periphery towards the nucleus,



while kinesin ensures the anterograde trangpdfrom the pemuclear region to the cell
periphery. There are nine subfamilies of dynein: two cytoplasmic and seven axonemal
dyneins [5]. Cytoplasmic dynein is a homodimer composed of two heavy chains
(DYNC1H), two light intermediate chains (DYNC1LI), four intermediate chains
(DYNC1I), and six light chains (DYNLT1 or TcTek, DYNLL1 or LC8, and DYNLRB)

for an approximate weight of ~1.2 MI)@]. Dynein employs itght intermediate chains
(LICs) to carry cargoes to the perinuclear area, and these chains bindritethe=diate
chains(ICs) [4]. This motor protein accomplishes its functions by forming a multifactor

complex with its cofactor, dynact[d].

The superfamily of motoproteins, called kinesins (KIFs), carry cargoes including
organelles, mRNAs, and complexes of proteins throomgtrotubules MTs), and are
characterized by the presence of a conserved domain in a globular shape called the head,
containing approximately 360 residues, veh@ydrolysis of ATP occurs. The globular
domain is followed by a stalk connected to a tail. The tail interacts with cargoes for
accomplishing anterograde trafficking. A
distinctive to each family of kinesins, igcated between the head and the stalk, and is
engaged in essential activities such as directing the movement of the motor protein on
MTs [8]. Hence, the neck and the head compose the motor domain of KIFs. The motor
domain is conserved in KIFs, but the stalk and tail domains differ from various families.
Miki et al.categorized KIFs in 1#amilies using phylogenetic classification. Members of
the kinesinl or kinesin heavy chain (KHC) family participate in the transport of

organelles and trafficking at the nucleus. This family displays distinctive features such as



a -sheet neck and a higimount of conserved residues in a coited stalk [8]. The
three sudamilies of ammal KHCs, namely, KIF5A, KIF5B, and KIF5C, consist of a
cargebinding domain (CBD) located in the stalk and a light clmamding domain
(LCBD), which connects to a kinesin light chain (KL[8]. The kinesir2 family or N
kinesins are composed of the following damilies: KIF3A, KIF3B/C, and KIF17.
Members of this family are involved the transport of organelles, spermatogenesis, and
intraflagellar transport (IFT). The kines@ family is composed of the KIF1, KIF13,
KIF14, KIF16, and KIF28 subfamilies and an indeterminate subfamily named
NcKIF1C/Klp7. This family distinguishes itselvith a forkheadassociated (FHA)

domain followinga -sheetand anl-helix in the neck regiospecific to the family8].

The viral infection stimulates an immunological response from the host, which results
in the activation of cytotoxic T cells for the efficient neutralization of virally infected
cells[9]. During the immune response, an immunological synapse is created between an
antigenpresenting cell (APC) and the cytotoxic T cell accompanied by the translocation
of the microtubuleorganizing centre (MTOC]L0]. Studies have shown the involvement
of dynein and kinesin in both the activation of T cells and in the formation of the
immunological synapsesawell as in the transport of critical players in an effective

immune response from the h@3t11).

This chapterexplores the involvement of the motor proteins at the three stages of the
life cycle of viruses and the function of dynein and kinesin in the immunological response

of the host cell to the viral infection.



1.2. Transport of viral genome frm the cell membrane to the nucleus

1.2.1. Role of kinesin 1 and dynein 1 and the Polyomaviridae family
The polyomavirus simian virus 40 (SV40) from tRelyomaviridaefamily was first
isolated from rhesus monkey kidney c¢ll2, 13] The human equivalent viruses, namely
BK (BKPyV) and L (JCPyV)polyomavirus, have been shown to cause diseases such as
hemorrhagic kidney and bladder infections as well as leukoencephalopathy and Merkel
cell carcinoma in human$l4-16]. The virus displays a nesnweloped structure
composed of seventyvo (72) pentamers of capsid protein VP1 in which DNA is
enclosed, whereas each polymer displays a hydrophobic capsid protein VP2 [a4)/P3
The penetration of SV40 in host cells for infection occurs with the binding of the virus to
the ganglioside GM1 receptfir7] on the plasma membrane followed by endocytds}
and transport to endolysosoni&®] and penetration of the endopiais reticulum (ER)
[20-23]. Ravindraret al. showed that kinesin 1 binds tepdotein B14, an ER membrane
protein, and the motor protein causes the formation of foci, which are entry sites at the ER
membrane, giving access to the cytosol. The research work revealed that the generation of
foci at theER membrane results from the distinctive ability of kinesin 1, unlike kinesin 2
and kinesin 3, in selecting acetylateld’s. Kinesin 1 typically carries cargoes from the
cell centre to its periphery as the movement of the motor proteineistelir towards the
plusend of the MT, a movement known as the anterograde trarjgggrHowever, the
finding thatkinesin facilitates the transportation of SV40 from the ER membrane to the
cytosol is explained by the curved shapes of the acetylated MTs, located at the

perinucleus, which allows for the transport of viral cargoes to the cytosol while moving



towards theplus-end[14]. Hence, kinesin 1 was shown to play a critical role in delivering

SV40 to thecytosol.

Another research study from Ravindrah al. revealed that dynein binds to
SV40 particles to promote viral infection through disassembling the virus to release viral
genetic information necessary for transcription and translafis). A cell-based
semipermeabilizetnembrane assay assessing thet&Bytosol transport showed that
dynein is not involved in the delivery of SV40 from the plasma membrane to the ER nor
to the cytosol but instelais an actor in postytosol transport of SV4[25]. Treatment of
infected cells 5 hpi (hour pestfection) with ciliolrevin D, a smaHmolecule inhibitor of
dynein,revealedthe motor proteimot tobe involvedin the emergence of E®-cytosol
penetration sites, as no inhibitory activity was observed at that [@&gd-urthermore,
mass spectrometry and precipitation analysis showed SV40 to bind to dynein 1 in the
cytosol[25]. Mass spectrometry also showed dynactin, asubactivator of dynein 1, to
attach to SV40 located in the cytosol. The overexpression of dynactin sdbuvtich
inhibits dynein activity disrupted SV40 viral activity. Hence, dynactin also promotes
SV40 activity [25]. Both SucroseDensity Sedimentation(SDS) and limited proteolysis
experiments osV4QGinfected cell{control) and infected cells treated with ciliobrevin D
revealed that the inhibitor reduced the fraction of disassembled SV40, which
demonstrated that disruption of dyneinhindered SV40 disassemb5]. Thus, this
studyshowed that dynein 1 plays a role in transporting SV40 at ecgtistolic stage and
engages in disassembling the viral genome to release the genetic information during the

cytosotto-nuclets phase for promotion of viral infecti¢®s].



Mouse polyomavirus (MPyV), from thBolyomaviridaefamily, is characterized
by an entry in host cells through endocytosis, which is facilitated by the interaction
between the major capsid protein VP1 and the ganglioside receptors, GDla or GT1b, on
the plasma membran@6]. Zila et al. showed that dynein 1 plays a critical role in
transpoting MPyV virions from the periphery of cells to the ER, as inhibition of dynein
caused a 40 to 50 % reduction in the colocalization of viral particles and BiP, an ER
proteinessential for infectiofi26]. A seventy percent (70%) reduction in MPyV infected
cells was observed following the overexpression of dynamithich results in dynein
inhibition through the disassembly of dynein and dynadircofactor of the mtor
protein Furthermore, confocal microscopy analyses of the overexprdgsathitin cells
showed that virions significantly remained at the periphery of the cells at 5 hpi, while i
mock-transfected cells, the virions accumulated near the nucleus at that m@ejent
Inhibition of kinesin 1 and 2 did not result in perturbation of MPyV infection, which
suggested that these motor proteins do not play a critical role in transporting MPyV viral
cargoes[26]. Hence, dynein 1 is the motor protein that MByV exploits to ensure

efficient viral proliferation.

1.2.2. Dynein light chain LC8 and the Filoviridae and Rhabdoviridae families
Dynein light chain LC8 (8 kDa) is a subunit of cytoplasmic dynein 1, which binds to
several viral proteins such as the Ebola virus VP35 fronktlogiridae family [27], the
rabies virus (RAV) from the Rhabdoviridae family [28], and the human
immunodeficiency virus integra$29]; thus, promotig their viral activity[27]. LC8 was

shown to interact v the multifunctional viral protein of the Ebola vir{&7], namely



the VP 35, involved in evasion from the host cell immune reaction and synthesis of viral
RNA [30, 31] Luthraet al.showed that the interaction between LC8 and VP35 is specific
as mutation of the binding motif (F/8QTQI-75) resulted in the disturbance of the
interaction[27]. Furthermore, LC8 was shown to improve the activity of VP35 in RNA
synthesis without improving the ability of the viral protein to evade the immune response
[27]. The improved activity partially stems from the property of LC8 to stabilize the

oligomerization domain of VP3R7].

Rabies lyssavirus (RAV) is a negative singtanded RNA, which is fatal
following theemergence of symptoms. The structure of the virus encompasses an RNA
dependent RNA polymerase (RavlL), a nucleoprotein that exstlos viral RNA (RavN),
and a noncatalytic phosphoprotein (RavP). Dynein light chain LC8 plays a critical role in
promoting vral infection of RAV through binding to RaVj28]. The complex, formed by
LC8 and RavP, has a dissociation constan} @£ 82 + 8 nM, making RavP thegknd

that naturally binds the strongest to LC8 among other natural liga8[ds

1.2.3. Dynein light chain LL1 and the Hepadnaviridae and Circoviridae
families
The Hepatitis B virus (HBV) from theHepadnaviridae family is an enveloped
pararetrovirus, which causes acute to chronic liver disg82sHBV consists of the
capsid containing 240 copies of core proteins (Cps), the relaxed circular viral DNA
information (rcDNA), the viral polymerase (pol), and heat shock prof8Ris The virus
is endocytosed in host cells where the release of its capsid occurs, followed by retrograde

transport from the cytosol to the nucld@8]. Repair of rcDNA results in the formation



of covalently closé circular DNA (cccDNA), which is used for viral mRNAs
transcription34-36]. Through the binding to the pregenome, the pol interacts watiCgh

and causes the assembly of Ri@ntaining capsids (rnaCg32]. Reverseranscription

and incomplete secorgtrand DNA synthesis contribute to the maturation of the genome
[37]. Liver cells infected with HBV carry the rnaGsapsids with intermediate products
from maturation, few capsids containing rcDNA (matC), and empty capsids (empCs) due
to an overexpression of Cf88]. The research work of Osseman al. revealed that
empG and matG are actively transported through the cytosol to the nucleus via their
binding tothe LL1 of dynein 1, which is simultaneously bound to Dyr&2]. Thus,

dynein 1 facilitates the transport of viral capsids, promoting HBV viral infection.

Porcine circovirus (PCV) is affiliated to the familgircoviridae with two
identified genotypesPCV type 1 and PCV type[39]. Porcine circovirus type 2 (PCV2)
is an adenovirus pathogen and is the type responsible for diseases suchnaeapiosf
multi systemic wasting syndrome (PMWS), porcine dermatitis, and nephropathy
syndrome (PDNSpMO0]. DYNLL1 was found to form a complex with RR2 particles to
carry the viral genome from the cell periphery to the nucleus resulting in the proliferation
of the viral infection[40]. Molecular docking revealed that the C terminus of the PCV2
capsid (Cap) directly binds to the common site of cargo bindify®&lLL1 and the first
proposed binding area consisted of Leul87, GIn188, Thrl189 and Sed0rhus,
DYNLL1 was shown to facilitate viral infection by PCV2 by transporting its viral capsids

to the perinuclear region.



1.2.4. Dynein intermediate chain IC1 and th€ircoviridae and Nimaviridae
families

There are eleven possible open reading frames (ORFs) in the genetic information of PCV
[39, 4144]. The ORF2 encodes the capsid protein (Cap), which encloses the PCV
genome[39]. Dynamic images of PCV2 infection revealed that at 6 hpi, virions were
located within Rabfpositive endosomes suggesting that viral infection involved
endocytosis of PCV2 viral particl¢39]. Treatment of PCVznfected cells with N&/Oa,
an inhibitor of dynein, showed the viral particles to be located at the periphery of the
cells indicating that the entry of the virus in cells is not prevented when dynein is
inhibited [39]. Further experiments showed dynein intermediate chain 1 (IC1) location to
overlap that of the PCV2 Cap protein and a reduction in expression of Caget @no
showed that IC1 is recruited at the cytoplasm and translocated to the nucleus by the
nuclear localization signal (NLS) of the PCV2 Cap using confocal microscopy. Co
immunoprecipitation assays revealed that the D2 domain of PCV2 Cap, which is the N
termind composed of residues 40, directly interacts with IC1. The knoediown of
IC1 resulted in the inhibition of PCV2 viral replication, underlying the crucial action of
the dynein subunit in promoting the infectidbao et al. suggested that determining a
peptide to compete with the fragment of the IC1 of dynein interacting with the N
terminus of Cap of PCV2 represents an avenue to inhibit PCV2 infection. Hence, dynein
IC1 was shown to engage in the transport of PCV2 contained in endosomes from the cell

peliphery to the nucleus through direct binding to Cap.



Dynein IC1 is involved in PCV2 viral transcription and exporting PCV2 particles
from the nucleus, as silencing dynein IC1 caused a reduction in nuclear export of PCV2
viral particles and downregulatecerges responsible for PCV2 capsid protej@S].
Noteworthy that dynein IC1 wdscated at the nuclei of PCV2 infected cells, although
the motor protein was found in the cytoplasm of-ndiected cells. Caet al. suggested
that IC1 is carried to the nucleus for the efficient viral proliferation of PCV2 through an
unknown mechanismFurthermore, the presence of the complex IC1/Cap in the
cytoplasm at the latest stages of the infection implied the involvement of IC1 in exporting
viral particles from the nucleus. Therefore, IC1 is not only involved in the transport of the
PCV2 genome tm the cell periphery to the nucleus but might also be involved in the

nuclear entry of the viral genome and the export of viral particles to the cell periphery.

White spot syndrome virus (WSSV) from themaviridaefamily is among the
predominant signifiantly deadly viruses attacking Penaeid shrinjpS]. Confocal
microscopy revealed that WSSV virions and cytoplasmic dynein colocalized in
henocytes of shrimpg46]. The knockdown of FCDYNCI, the intermediate chain of
cytoplasmic dynein ofenneropenaeus Chinensis Chinese white shrimp, inhibited
WSSV viral infection, supporting the involvement of dynein in the transport of the virions
from the cell periphery to # nucleus[46]. The mechanism through which the
intermediate chain of dynefacilitates WSSV viral infection was not determined yet, and

further work on the topic is needed.
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1.2.5. Dynein 1 and viruses from the Flaviviridae family
Hepatitis C virus is a positivetrand RNA virus and is classified under the Hepacivirus
genus in the familyof Flaviviridae [47]. Eyre et al. showed that ciliobrevirD, an
inhibitor of cytoplasmic dyneif48], reduces the replication of viral RNA of HPC by
about 40% [47]. The knockdown of the heavy chain of cytoplasmic dynein 1
significantly reduced the motility of the netructural protein NS5A, which engages in
crucial steps of HCV viral infection such as the regulation of viral RNA replication and
the assemblyf virions [47]. Thus, dynein was shown to promote virgection through
the transport of viral proteins. However, further research on the mechanism and the
binding site between dynein 1 and NS5A is needed for designing antiviral drugs targeting

this interaction.

Dengue virus (DENV) is an enveloped virus frdme family ofFlaviviridae, with
a positive sense RNA9]. Its entry into the host cell is facilitated by endocyt¢$8. A
dynamic analysis showed that 30 mins were required for endosomes containing the
envelope (E) proteins to move from the cell periphery to the perinuclear region,
supporting that endosomes carng tviral genome to the nucleus for efficient replication
following endocytosig49]. Confocal microscopy showed dynein 1 to interact with the E
protein [46] progressively. At 4 hpi, dynein 1 colocalized with the E protein, although the
protein was at a low concentrati¢f#9]. As time elapsed, the concentration of the E
protein increased, and the maximum concentration of the d¥heomplex detected in
the perinuclear region was reached between 24 and 48 hpi, with the complex splitting at

72 hpi [49]. The E protein and dynein 1 -c@mmunoprecipitated in an assay, further

11



indicating the formation of tki complex during DENV viral infection[49].
Computational docking of DENNE protein (PDB: 1TG8) and dynein (PDB: 2P2T),
which is dynein light chain LC8 interacting with residues-138 of intermediate chain
IC74, revealed putative residues where interaction ocbutgurther studies arrequired

to elucidate the exact residues involved in the dyBecomplex interactioj49]. The
inhibition of dynein through overexpression of dynamin resulted in a low cytosolic
concentration of E protein, suggesting that dynein is involved in the high concentration of
E protein in tle cytosol[49]. The inhibition & dynein also resulted in the restriction of
DENV core (C) proteins to the cytosp19], while it was previously shown that the C
proteins are carried to the nucld68]. Hence, dynein plays a critical role in DENV viral

infection through transportinE and C proteins towards the perinuclear ref6h

1.2.6. Dynein 1 and the Alphaherpesvirinae family
Pseudorabies virus (PRV) is highly virulent and characterized by its ability to invade the
neurological system of mammaliajtl]. PRV belongs to th&lphaherpesvirinagamily
along with human herpes simplex virus types 1 and 2 SAhd HSW2) and the
varicellazoster virus (VZV)[52]. A membrane vesicle in which an enveloped virion
composed of the PRV nucleocapsid and teguments contains the viral and host
transmembrane proteins such as pJ§S2]. Viral protein VP1/2 complex is directly
attached to the exterior of the capsid and is crucial to the transport of viral particles to
nuclear pores anthe delivery of DNA into the nucleugs1]. Coimmunoprecipitation

assays shwed VP1/2 interacting with the dynein/dynactin complex through interactions
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with the prolinerich region of VP1/451]. Thus, dynein 1 engages mamnsportinga key

component of PRV viral infection.

1.2.7. DYNLT1 (former Tctexl) and DYNLT3 and the Papillomaviridae
family
Human papillomaviruses (HPV) from tHeapillomaviridae family are norenveloped
adenoviruses with an icosahedral shif]. There are360 copies of the major capsid
(L1) and 72 proteins of the minor capsid (L2). The entry of the virus to deliver its circular
doublestranded DNA genetic information is initiated by endocytosis. It was detected that
DYNLT1 interacted directly with the L2 kal proteins using the twgeast hybrid

technique, verified with canmunoprecipitation and western blottif&f].

Co-precipitation of DYNLT3 and the L2 preins showed that the other family member of
DYNLT1 interacts with the minor capsid proteins. An accumulation of the L2 proteins in
the nuclear domain 10 (ND10) of infected cells followed by the localization of DYNLT1
and DYNLT3 from the cytoplasm to the ND implied that the increased expression of
the capsid protein triggerediranslocation of the light chains of dynein.
Immunofluorescence deconvolution microscopy showed DYNLT1 and DYNLT3
interacting withthe L2 proteinsin the cytosol and the nucleus thg HPV16, a subset of
HPV infection. Treatment with siRNA and antibodies against DYNLT1 and DYNLT3
showed a reduction in the infectivity of HPV in HeLa (reduced to 26% foiDa¥LT1

and 65% for amtDYNLT3) and HaCaT (reduced to 34% for ab{¥NLT1 and81% for
anttDYNLT3) cells, indicating the critical action of these light chains of dynein in

promoting viral infection[53]. Colocalization of the L2 and tigD10 was reduced to
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19% for DYNLT1 and26% for DYNLT1 when treated with siRNAs, indicating that the
two light chains are involved in the transport of the L2 to the nucleus. Therefore, the two
light chains of dynein DYNLT1 and DYNLT3 were shown to play essential role in

HPV16 viral infection.

1.2.8. DYNLRBZ2 and the Retroviridae family
Murine Leukemia Virus (MLV) is from th&etroviridaefamily [54]. It relies on cellular
division to enter the nucleus, similar to members ofGaenmaretrovirugenus, due to a
lack of the ability to traverse the nuclear membrane of cells that are not experiencing cell
division [54]. The knockdown of light chains DYNLL1, DYNLL2, DYNLT1, and
DYNLTS3 did not significantly inhibit MLV viral infection, indicatinghat the two light
chains do notplay a crucial role in promoting the viral infection. However, the
knockdown of DYNLRB1 resu#td in overexpression of DYNLRB2, which significantly
contributed to a 2-50ld increasen the level of infection. Furthermore, the knockdown of
DYNLRB2 catsed a reduction in the rate of MLV infection. The detection of physical
interaction between DYNLRB2 and MLV proteins was not revealed. Opdzal.
suggested that the light chain might not directly interact with viral proteins but indirectly
through a pratin interacting with DYNLRBZ54]. They also suggested that the function
of DYNLRB2 might lie in bringing the preintegration complex (PIC) and the nucleus at a
proximal distance, as the disruption of the nuclear envelope is required for MLV to access
the nucleus. Thus, the lighhain of dynein DYNLRB2 was shown to be essential in the

MLV viral infection.
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The lightintermedate chain ofdynan, DYNCLI2, promotes MLV infection, as its
knockdown caused a partial inhibition of MLV infectio®5]. However, dynein
regulators, p50 a critical component of the dynactin complex and NudEL, play a crucial
role in MLV infection before nuclear entry, as their knockdowns caused nearly complete
inhibition of viral infection [55]. Hence, the regulators of dynein play a critical role in

MLV infection.

1.3. Role of the motor proteins in nuclear entry
Oncedelivered to the perinuclear region, the entry of viral capsids in the nucleus allows

the replication of viragjenetic information

1.3.1. Disruption of Nuclear Pore Complex (NPC) by kinesin 1 in the
Adenoviridae family

The Nuclear Bre Complex (NPC) consists of more than 30 various proteins, and
transmembrane nucleoporins (Nups) attach the complex to the nuclear en&élppe
Nup358 is a peripheral PheGigpeatscontaining nucleoporins. The size restriction for
transport through the nucleus is 39 nm for transport carried through receptors and 40 kDa
for solutes. Despite the size restriction, sonreses succeed in crossing the NPC and
accesmg the nuclear envelog®6]. Strunzeet al. showed that kinesin light charl and
2 (KLC1/2) bind to the virion protein pIX to execute uncoating of adenovir[&g]s
Knockdown experiments reaked that Nup214 and Nup358 are necessary for the
uncoating step; however, the attachment between NPC and the virus is achigvieg on

Nup214[56]. The binding of kinesin 1 to viral capsids triggers the NPC to release the
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Nups from the nuclear envelope, which causes an increase in the permeability of the
envelope. Mutational studies involving pIX, which binds to the kmdght chain,
revealed that this virion protein is also involved in increasing the permeability of the
nuclear envelope. Thus, kinesin 1 is involved in disassembling the capsids of
adenoviruses and the NPC of host cells to facilitate the entry of thegemame into the

nucleug56].

1.3.2. Dynein Light Chain 1 (DLC1) as a transcription factor for viral
synthesis in the Rhabdaridae family

Dynein light chain (DLC1) acts as a transcription factor to encourage viral transcription
of Rabies Virus (RABV]57]. The viral RNA of RABV encodel, an enzymatic subunit
and P, a cofactof57]. A PL complex is formed and ensures RNA replication and
transcription. Dynein Light Chain 1 (DLC1) binds to the PL complex. RABsbmplex
was found to localize at acetylated MTs. The putative RMTQ motif in DLC1 binding to
the RABV-L motif is responsible for NIs reorganization, as the L mutant did not show
any rearrangement of the MTs. The binding of DLC1 to P and L through conserved
motifs in both proteins is essential to the reorganization (i.e., stabilization) of the MTs
[57]. Viral protein complexes trap DLC1, which triggers activation of transcription factor
of DLC1, thus producing free DLC1. Noteworthy that ©L negatively regulates its
transcription by binding to the transcription activator ASCIZ, and DLC1 binds to the P

and the L acting as a transcription factor for replication of RAB&ZI].
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1.4. Role of the motor proteins in egress of viral particles at the plasma
membrane
After the entry and replication of the viral genome into the nuckbesyiral genomeis
packaged and the capsgl are assemblenh preparation forextracellularrelease The
motor proteinsare involved indelivering viral particles to the plasma ménane for

egress

1.4.1. KIF13A and KIF18A and the Orthomyxoviridae family
The influenza A virus (IAV) of th@©rthomyxoviridagamily [6] belongs to the group of
negativestrand RNA viruses, and its virions possess eight ribonucleoproteins (VRNPS) in
the inner corg58]. The GTPase Rabll protein, whose traffic is modified during 1AV
infection, inteacts with KIF13A, which belongs to the kinesin 3 family. Ramos
Nascimentoet al. showed KIF13A is involved in the delivery of vVRNPs to the cell
periphery, as overexpression of this motor protein caused VRNPs to agglomerate near the
plasma membrane alongtivRab11 vesicles and KIF13A. The inhibition of KIF13A did
not affect the synthesis of viral proteins, indicating that the motor protein is not involved
in the retrograde delivery of the viral genome to the nucleus nor in its nuclear entry. Thus,
KIF13A was shown to engage in the anterograde delivery of vVRNPs to the cell surface

through forming a complex with Rab11 and vRN%%.

Following IAV infection, an increase in the expression of KIF18A, a member of
kinesin 8, occurg59]. Inhibition of the motor protein by BT&, a specific small
molecule inhibitor, rducedthe cytopathic effect (CPE) in infected ce§. Treatment

with BTB-1 and cytometric experiments showed a decrease in the rate of 1AV replication,
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the expression of viral proteins, and the manufacturing of infectious viral pafté¢les
Furthermore, knockdown experiments of KIF18A using siRNA revealed that inhibition of
the motor protein significantly decreases viral proteins expression, whereas the viral
activity is restored when the function of KIF184 recovered in infected cell§].
However, an augmentation in viral proteins expression was obtained following
overexpression of KIF1846]. Immunofluorescence experiments showed that treatment
of infected cells with BTBEL caused viral NP to remain in the nucl¢él Viral NP is
carried from the nucleus to the plasma membrane as a VRNP commipéeretention of
these particles at the nucleus when KIF18A is inhibited by -BTiBdicates the critical
adion of the motor protein in promoting viral infecti¢®]. The inhibitor BTB1 prevents

the nuclear export of VRNPs by hindering the activation of AK38,pSAPK, and
RanBP3 pathways required to export proteins via Chromosomal Maintenance 1 (CRM1)
mediation[6]. Noteworthy, BTB1 significantly decreased thothe symptoms and the
death rate in infected micg]. Hence, KIF18A contributes to viral infection and
represents a target for drugs aiming to treat IAfection. The smalmolecule inhibitor

BTB-1 displayed efficient inhibitory activity towards IAV infectigf].

Lassa virus is of thArenaviridaefamily and is composed of two groups: the Old
World arenaviruses and the New World arenaviruses. The Old World arenaviruses
(LCMV, LASV, and Lujo virus)are characterized by acute hemorrhagic fever in humans.
The New World arenaviruses encompass the MACV, JuBlanarito, Chapare, and
Sabia viruses, causing epidemic hemorrhagic fever in South Anjé@icaFehlinget al.

revealed that KIF13A is involved in the transport of the viral protein matrix Z, which is
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engaged in essential stages of the viral infection such as synthesis of viral RNA, assembly
and delivery of the virus, and replication of the vifG6]. Overexpression of KIF13A
caused Z proteins to relocalize to the plasma membrane along with m&Aplossphate
receptor (M6PR), indicating that the M6PR trafficking pathway is usethéodelivery of

the viral protein Z to the cell periphery through the motor activity of KIFI8&.
However, immunofluorescence revealed that the motor protein does not transport other

viral proteins (i.e., LASV nucleoprotein NP or the glycoprotein {&B).

Co-immunopecipitation experiments showed that KIF13A specifically binds to the

matrix Z protein60].

Furthermore, a doubleegative mutation of KIF13A, resulting in inhibition of the
motor activity of the protein, showed that the motor protein could bind to the Z protein of
LASV with no relocation of the viral protein, as KIF13A-pcecipitated with the nptein
but was not able to deliver the latter to the plasma memiieKnock-down of the
motor protein using small interfering RNA (siRNA) revealed a decrease in the
anteograde delivery of viruike proteins (VLPs), which are released from the
expression of the Z protein; showing that KIF13A plays an essential role in the transport
of VLPs to the site of virus assemi§0]. The JUNV and MACV of the New World
arenaviruses group also displayed an interaction with KIF13A, revealing a conserved
mechanism of anterograde transport within renaviridae family [60]. Hence, the

motor protein KIF13A is engaged in promoting viral infectionmenaviridaeviruses.
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1.4.2. KIF1A, KIF5A, KIF5B, and KIF5C and the Alphaherpesvirinae family
The delivery of viralproteins of HSV1 and PRV from the nucleus to the axon involves
the action of three membrane proteins encoded by the viruses, namely the Us9p and
glycoproteins E and I. They ensure the anterograde transport folloxragcapsids'
assembly and DNA packagir§l]. Kratchmarovet al. showed that phosphorylation of
the membrane protein Us@t Ser51 and Ser53 contributes to the efficient transport of
viral proteins through the faraction between UgSand KIF1A[62]. The interaction is
critical for ensuring the anterograde transport of PRV partif3@$ However, the
phosphorylation step is not essential to the delivery of viral particles, as its inhibition
resuted in a decrease of ~4 fold in viral anterograde transport without complete inhibition
[62]. Glycoproteins E and | form a heterodimer (gE/gl) and stimulate interaction between

KIF1A, a kinesin 3 subunit, and Us§il].

Furthermore, KIF5C, a subunit of kinesin 1, has been shown to interact with HSV
1 bound to Us9p63]. Inhibition of the gE/glUs9p complex caused a reduction in the
efficiency of the recruitment of KIF1A and KIF5C in PRV partic|6&]. Diwakeret al.
showed that the complex does not interact with both subunits of the motor protein
simultaneously, as immunostaining revealed the motor proteins to bind to different
populations[61]. The authors suggested that the complex first binds to KIF1A to carry
PRV particles to the axon initial segment (AlS). Next, the motor protein is replaced with
KIF5C, astheloading of KIF5C onto PRV cells wasmditioned by the differentiation of
cells [61]. Therefore, KIF1A and KIF5C activity are usurped by the viruses to ensure

efficient viral promotion.
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Noteworthy that Durainet al. showed kinesin 1 heavy chains (KIF5A, KIF5B,
and KIF5C) to be involved in the anterograde transport of HCV particles, as their
inhibition resulted in an 84% decreasetiansportatiorand inhibition of kinesin light
chains (KLC1 and KLCZ2) resulted in an 87% decref?]. However, only a 6%
decrease in the rate of anterograde transport was observed when kinesin 3 motor, KIF1A,

was silencedi63].

1.4.3. Recruitment of kinesin 1 to mitochondria in the Alphaherpesvirinae
family

Alphaherpesviruses cause a reduction in the kinetics of mitochondria in axmosnote
viral infection efficiently [61]. Following PRV infection, an increase in £as observed,
caused by a rise in action potent[@4]. Miro, a cellular protein sensitive to €a
prevents the recruitment of kinesin 1 heavy chain-{kiHC) to the mitochondria, as the
binding of C&" to Miro induces the release of KinHC from the organell§64]. The
PRV infection was characterized by a decrease in anterograde transpaiabfondria,
with the retrograde transport being predomirjéat. Hene, alphaherpesviruses cause an
alteration of mitochondria kinetics involving kih HC to ensure successful viral

infection.

1.4.4. Tctex1 (also known aDYNLT1) and the Flaviviridae family
Flaviviruses encompass the dengue virus (DENV), the West Nile virus (WNV), the
Japanese encephalitis (JEV), and the yellow fever virus (YFV). They belong to the
Flaviviridae family and are characterizday a positive singlestranded RNA. It encodes a

polyprotein responsible for the production of viral proteins such as seven nonstructural
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proteins, three structural proteins, an envelope proteimafte) a membrane protein (M)
[65]. To produce viral particles, the membrane protein M is generated from the
synthesized precursor protein prg6b]. The M protein comprises an ectoderm (ectoM)
domain and two transmembrane domains (TMDs). Bedudt. revealed the @erminal of
ectoM to be involved in the assembly and entry of the J88% Tctex1, also known as
DYNLT1, is the light chain of dyneifb3]. The ectoM domain of WNV directly interacts
with DYNLT-1, and a mutation at the fifth residue replacing glutamine with proline

prevented the interaction. Thus, the mutation revealecritineal role of GIn5.

Furthermore, immnofluorescence analysis revealed that precursor M proteins
localizednear the nucleus where DYNLT expression is higf65]. In the experiment,
the inhibition of DYNLT-1 caused a decrease of ~65% in viral titres in DENV and ~70%
in WNV [65]. Braultet al. suggested that the role of DYNLIT occurs at later stages of
viral infection, as the inhibition of the motor protein did snificantlyalter the number
of infected cellg[65]. Hence, DYNLTF1, a member of the dynein light chains family,
encourages viral proliferation by binding to ectoM protein, and its action might occur at
the late stages of thenfection. Further studies are necessary to establish the role of

dynein and the stags which it is involved in the infection.

1.5. The function of dynein and kinesin in stimulating an immune response
Dynein and kinesin are involved in ensuring viral proliferation. However, both motor
proteins have also been shown to engage in the immune response of hdsli@meltsg

viral infection.
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1.5.1. MTOC and immunological synapse
The immunological synapse (IS) refers to the junction between T cells and an -antigen
presenting cell (APC)66]. The APC exposes the antigen to the T aaljvating the
latter and resultingn an immune response. It involved cytokines release and caused the
reorganization of T cell receptor (TCR) signalling molecules #ra& microtubule
organizing centre (MTOC]10]. Cytoplasmic dynein has been shown to playitcat
role in the translocation of the MTOC to the IS, as imaging analysis revealed MTs to
engage in the MTOC repositioning. However, inhibition of dynein causes the prevention
of MTOC transport to the 1§7-69]. Dynein is also involved in the transport of vesicles
towards the MTOC before and after its translocation at t§édS2]. Theaggregation of
dynein at the IS requires the nuclear distribution E homolog 1 (NDE1), which might act
as an anchor to allow the association of dynein to membfafe3§1] It is noteworthy
that inhibition of NDE1 causes abrogation of MTOC translocation, indicating its critical
role in the proces$l0]. Furthermore, the knockdown of CLIFFO, a key player in
targeting dynein to the plus end, the cell periphery, causes a perturbation in the
repositioning of the MTOC and prevents efficient activation of T dait§. Additionally,
phosphorylation of CLIPL70 at Ser312 allows the relocation of MTOC and the complete

activation of T cell§10].

1.5.2. Recruitmentof dynein to the immunological synapse
Retrograde transport allows the delivery of Iytic granules, which are secretory lysosomes,
to release their contents, including a lytic protein called perforin, to the target cell at the

IS [9, 73] Following recognition of target cells, cytotoxic T lymphocytes (CTL)
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reorganize actin and microtubules to cause the centrosome to polarize towardBthe IS
73]. Dynein was shown tde involved in the centrosome's polarizati® 67, 68]
Danielleet al. showed that the association between CTL and the inactive form of Rab7, a
GTPase protein, was more significant than the inactive form of the pfjeinhibition

of Rab7 using siRNAs resulted in a decrease to more than 25% of the killing activity of
CTLs and murine cellf9]. Western blot analysis indicated that Rab7 interacts with Rab
interacting lysosomal protein (RILAY]. Cantalupoet al. revealed that RILP recruits
dynein to the late endosomi&4]. Depletion of Rab7 reduced the killing activity of CTL

by 30% in both cells with oveexpression of RILP and without ovexpression of RILP,
underlying the importance of Rab7 and that emgiression of RILP does not
compensate depletion of Raf8]. Furthermore, Daniellet al.found that the interaction
between active Rab7 and RILP causes dynein recruitment to secretory lysosomes by the

latter[9]. Thus, dynein is key actor in the immune response of the host cell.

1.5.3. Transport of activator and costimulatory receptors
CD70 is the protentigand of CD27, a member of the TNF (Tumor Necrosis Factor)
family, and the dimer CD2ZD70 engages in the T cell immune respdiié. Keller et
al. revealed that the complex dynaignactin protein is invole in the movement of
CD70, as indicated through immuB® analysis. The analysis showed that CD70
vesicles aggregated at the perinuclear region toward tf#b]Sindicating that dynein is

involved in tansportinga critical component of the IS.

Guanylate kinas@ssociated kinesi(GAKIN), a member of the kinesin 3 family,

known as KIF13B[11], acts as an inhibitor o€aspase Recruitment Domain Family
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Member 11(CARD11). It is a key adaptor in T cell receptor (TCR) signaling tca\B

and a recruiter of critical signaling proteins to thg46]. NFe B, whi ch i s a tr
factor, is crucial in T (Thymus) and B (Bone marrow) cells for iceuproliferation,

survival, and effector functions of lymphocy{@6]. Reduction of GAKIN activity using

RNA interference resulted in an augmented-&NB  a c [76],vsuggesting that a

member of the kirgn 3 family is involved in regulating the activity of NFB .

1.5.4. KIF5B and GTP-binding protein ADRribosylation factorlike 8b (Arl8b)
and NK-mediated cytotoxicity

The small G protein AD{ibosylation factodike 8b (Arl8b) belongs to the Adike
family and interacts with the heavy chain of kinesin 1, KIF5B, through a connecting
protein called SifA and kinesimteracting protein (SKIP]77]. The small G protein
localizes at secretory lysosomes of NK cgli8]. The complex composed of KIF5B,
Arl8b, and SKIP delivers lysosomes towards the cell's periphery through the anterograde
transport [77]. Natural killer T (NKT) cells work in conjunction with Major
Histocompatibility Complex class | (MHCI) proteins to carry the innate immune response
[79]. Tuli et al. showed that Arl8b is a key player in NK (i.e., natural killer)-oedldiated
cytotoxicity and MTOC polarizatio{78]. Inhibition of KIF5B and Arl8 impaired
polarization of MTOC, indicating the critical contribution of both proteins to this vital
step of the IS formatiof78]. Thus, a member of kinesin 1 engages in the immune

response of the host against viral infection.
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1.5.5. KIF3A phosphorylation and suppression of the immune response in the
Herpesviidae family

The Herpes Simplex Virus 1 (HSY) belongs to the Herpesviridae fami80] and is the
causative agent of orédcial infections[79, 80} This enveloped virus utilizes its US3
viral protein kinase for the downregulation of @hat the surface of APSIo evade NKT
immune responsg’9, 81, 82] The kinesir2 subfamilies consist of KIF3A, KIF3B/C,
and KIF17[8]. Inhibition of KIF3A, a member of the kinesin superfamily, using siRNA
and dominanthegative mutation knockdown resulted in the impairment of the delivery of
viral genome from late endosome to the periphery ofci#le[79]. Furthermore, the
blockage of KIF3A using shKIF3A shRNA caused a reduction in the expressionlof CD
indicating the involvement of KIF3A in the expression of @D [79].
Immunofluorescence results and coprecipitation of US3K220A with KIF2Aveld that
US3 directly interacts with KIF3479]. Phosphorylation assays and mutational studies
revealed that US3 directly phosphorylates theeithinus of KIF3A at residue Ser687
[79]. This phosphorylation is critical to the downregulation of l@Das Ser687Ala
mutation completely inhibited the downregulation of Xdbn infected cell79]. Hence,
HSV-1 evades immune response through downregulation ofdCR critical APC

molecule, via phosphorylation of KIF3X9].
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1.6. Conclusion
Motor proteins, kinesin, and dynein are actively involved in the three stages of viral
infection and in the host's immune response to suppress viral infection. tidgrade
transport of viral genome during infection of viruses such as the polyomavirus simian
virus 40[14], the Hepatitis H32], the porcine circovirug39], engage different subunits
of kinesin anddynein to ensure the efficient delivery of viral proteins from the plasma
membrane to the perinuclear region of the host cells. Although dynein is the motor
protein responsible for anterograde transport, kmesialso involved in the transport of

viral particles towards the perinuclear regja4].

Kinesin light chains 1 and 2 (KC1/2) and dynein light chain 1 (DLC1) both play
critical roles to favor the nuclear entry of viral partic|g6, 57] Through binding to the
virion protein plX,KLC1/2 engages in uncoating adenovirus and disrupts the Nuclear
Pore Complex (NP(p6]. DLC1 facilitates transcription of the rabies virus in acting as a
transcription factor by binding to viral proteins, P and L, to ensure viral replida&gn
Several subfamilies of kinesin, such KH-13A [58], KIF18A [60], KIF1A [61], and
KIF5C [61], as well as DYNLT1 [65], play critical roles in the anterograde transport of

viral particles for the efficient proliferation of several viruses.

Kinesn and dynein are not only involved in promoting viral infection during
retrograde and anterograde transpmrt also in the defensive response of the immune
system. Dynein is recruited at the immunological synapse (IS), where T cells join APCs
to executean efficient immunological response to viral infectii@®]. Dynein delivers

CD70 vesicles to the IS, and GAKIdgulates the activity of NB H75]. To ensire NK-
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cytotoxicity, the heavy chain of kinesin 1 (KIF5B) forms a complex with Arl8 and SKIP
to deliver lysosomes to the cell's periphgt8]. However, NKT immune response can be
evaded through phosphorylation of KIF3A by downregulation ofld;x critical APC

molecule by the HS\ [79].

The function of motor proteins kinesin and dynein in facilitating valliferation
makes these proteina target for drug discovery. However, the involvement of the motor
proteins in stimulating thénost's immune responsadicates that inhibition of these
proteins might also impact the defensive reaction of host céliss, Btudies exploring the
role of dynein and kinesin in infected cellsnd immune cells require further
investigations to elucidate how to regulate either of their dual functions discussed in this

chapter
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CHAPTER 2

Analysis of the Structural Mechanism of ATP Inhibition at
the AAAL Subunit of Cytoplasmic Dyneinl Using a

Chemi cal nTool kit o

2.1.Introduction

Motor proteins, dynein, kinesin, and myosin, in eukaryotic cetks responsible for
transportingcargoeswithin cells [1]. Dynein and kinesin perform their function in
conjunctionwith the cytoskeletalprotein microtubule (MT) [1]. MTs comprise11i 16
protofilament biopolymers[2] consisting of U Eheterodimer proteins [1,3]. Nine
subfamiliescomposethe dyneinfamily, namely,seven axonemal and two cytoplasmic,
dynein 1 and dynein 2 [4]. Cytoplasmic dynein 1 drives retrograde axonal transport [5]

and also plays a role in the mitosis process lbidoasion [1].
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Cytoplasmic dynein 2 guarantees transportation of cargoes thrblighin
flagella, as well as motile and primary cilia [6,7]. This isoform is also referred to as
intraflagellar transport (IFT) dynein [6,7]. IFT is critical to tRedgédiog pathway (Hh
pathway), which is an essential mediator during the development of the embryo and
oncogenesis [8]. It facilitates anterograde and retrograde trafficking of transcription
factors such as Glil and Gli2 during the Hh pathway [9,10]. Impairmetynain2 could
disturb the Hh pathwaysinceit is involved in IFT [6,7]. Inhibitors of dynein suchas
ciliobrevin analoguescausethe inhibition of the Hh pathway[10]. Dynein malfunction
canpromotecancercell proliferation[7], asdynein?2 is involved in the Hh pathway and
oncogenesis procefs.

Defectsin the heavy chain of dynein are associatedwith neurodegenerative
diseases (NDDs) [11], characterized by the degradation of neurons. NDDs refer to an
array of neurologicatl i sor der s, including Parkinsonos
(HD) , A | diseasd AD)e andnwtor neurondisease$s]. Threecommonfeatures
observed in the NDDs are the presence of protein aggregates, the involvement of
nonautonomous factorand the dysfunction in axonal transport [5]. PD is characterized
by the death of dopaminergic cell groups producing dopamine in the substantia nigra,
which results in symptonsuchasrestingtremors bradykinesiaandrigidity of limbs[5].

HD is a condition associateavith disturbancein muscle coordinationand cognitive
impairmentcausedby a polyglutamatdragmenton the huntingtinproteinresultingfrom
the repetitionof the CAG codonin exon 1 of the generesponsiblefor the mentioned
protein[5,11]. Both PD andHD affect basal ganglia in the brain [5]. The occurrence of

axonal dystrophy in the brain of patients with PD indicates abnormalities in axonal
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transport. Dysfunction of the axonal transpottservedn animal and cellular models,
representsindirect evidence of dynein involvementin PD and HD pathologies.
Dysfunctionof dyneincauseshe Golgi apparatus téragmentizeaphenomenombserved
in thebrainof patientswith PD, aswell ascellular and animal models of PD and HD [5].
AD, affecting 25 million individuals globally, is characterized by progressive
deterioration of memory that results in this pathology and the loss of cognitive abilities,
poor judgment, and speech impairment][JAD is marked bythe presencef clustersof
misfoldedproteinsj.e.,amyloidplaquesonsistingorimarily ofamyloidbpeptideg A )
the brain of patientswith AD [5]. Indirect evidenceobtained through the knockdown of
dynein,causingan ncrease i n AD pepti defslyneinmhAD;gest ed
however,further experimentsare neededo exhibit a direct correlation between dynein
activity and AD [5]. Eyreet al. revealed that dynein plays an essenta@é in the
transportationof NS5A, a hepatitisC viral protein, inside cells. Dynein ensures the
efficient replication of the virus, as well as the assembly of vir[éhsChapter 1
extensively explorgthe function of dynein in viral proliferation and immune response.
Dynein was discovered before kinesin [4]; however, the former has been more
challengingthanthe latter to solveits threedimensionalstructureandto undersandthe
exact mechanism of action of its multidomain construction. Indeed, the complexities
result from its massive size, its two heavy chains of each 530 kDa [7]. Despite the
complexity of dynein structure, characterization of some of its substructutEs ains
utilizing X-ray crystallography,electron microscopy, and mutagenesisstudies have
providedinsightsinto its function and role in the cell [7]. Dynein is a homodimer protein

[1], composedf two heavychains(HCs), each530 kDa, two light intermediatechains
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(LICs), eaclv4kDa,fourintermediatehaingIC) with weightvaryingbetweerb3kDaand
59kDa eachandsix light chains(LCs), eachl0i 14 kDa[11]. The heavychainof dynein
consistof thetail, thelinker, the hexamerichead the buttressthe stalk domains andthe
microtubule binding domain (MTBD) [12,13]. The ferminus of dynein, representing
approximately onghird of the 530 kDa heavy chain, constitutesthe tail and the linker
[1,14] (Figure2.1).

The tail of the heavychainof dyneinrepresentshe site for cargobinding, where
thedimerizationof bothmonomeroccurg1]. Thetail alsobindsto theLICs andICs|[1,5].

The linker domain follows the tail and is thought to be involved foree-generating
process as its position changes upon bindingT#, resulting in the motility of dynein
[1]. The stalkof ~10/ 15 nmin lengthis attachedo the MTBD atthe C-terminus[15]. It is
linkedto and supported by the buttress [1] (Figid).

The head or motor domain of dynein is comprised of six AAA+ subunits, four of
which (AAA1 to AAA4) possess a nucleotidbénding site at the interface between one
subdomairandthe subsequersubdomainthe AAA1 nucleotidebinding site is enclosed
betwesn the AAA1 and AAA2 subdomains [1,12]. Three of the four binding sites, AAAL,
AAA3, and AAA4, present the ability to hydrolyzsTP [1,12]. Each of the six AAA
subdomaingncompassessmallandalargesubunitlinked by aflexible unfoldedsegment

[1] (Figures2.1B and2.2B).
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Figure 2.1: The multidomain structure of cytoplasmic dyneinrA) ( Schematic
representation of the homodimer cytoplasmic dyreamsimplicity, only onemonomelis
labeled. The homodimerrepresentswo heavychains,two LICs, four ICs, and sixLCs.
Eachsetof thetwo heavychainsconsistof atail, alinker, ahexamerichead,a buttressa
stalk,andanMTBD. The figureqe.g.,theLCs,ICs,andLICs) areschematicTheydo not
representtheir actual shape (B) Schematicrepresentationof the heavy chain of
cytoplasmic dynein in its pogtowerstroke conformation, with the linker straight and
positioned on AAA4 near the stalk. The hexameric head represents the six AAA+

subunits wih small (AAA + S) and large (AAA + L) subunits.
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Figure 2.2: Composition of the AAA+ subdomainsA) The AAAL nucleotidebinding

site composed of the small (AAAL1S) afatge (AAAL1L) subunitsof AAA1l andthe

prominent(AAA2L) subunitof AAA2. ATP motifs are representedwalkerA (W-A),

walkerB (W-B), sensoll (theS-I), sensoll (theS-11) in AAAL, andargininefinger (Arg-

F) in AAA2. (B) Hexameric head of cytoplasmic dyne(it) The AAAS3 nucleotide

binding site composed of its small (AAA3S) and large (AAA3L) subuaiidthe large

subunitof AAA4. ATP motifs arerepresentedsthe walkerA (W-A), thewalkerB (W-

B), thesensor | (the 9), the sensor Il (the-8) in AAA3, and thearginine finger (ArgF)

in AAA4.

AAAL1 istheprimarysiteof ATP hydrolysisin cytoplasmiaynein[1] sincehydrolysis

of ATP at this siteis critical for dyneinmotility [16] and conservedn the dyneinfamily

[1]. AAAS is the second major site &TP hydrolysis [1], as mutation of K2675T in the

D. discoideunspecies reducedTPaseactivity of dynein by approximately 2@ld [16].

The nucleotidébinding sites of cytoplasmic dynein, similar to other AAA+ family

members, display the followindTP motifs: the walketA (GXXXGK) or P-loop, the
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walker-B (catalytic Asp and Glu), the-55(Asn), the SII (Arg), an arginine finger (Arg),

and directly interacting amino acids with the nucleotide base [1,7] (Fig2Zesd23).

A NH; NH,
0 00 N AN 00 N AN 0
oepos?opo (A J 85090 IW OPNHPOPO < )
% & & Loy N & ¢° LoNTN ® ¢&° ¢° k_?
OHOH OHOH OHOH

ATP

AMP-PNP

ADP

1974
11770
; \’ L1970

L1769 v AMP-PNP g

R1971

G1799

R2209

Figure 2.3: (A) Thechemicalstructureof ATP, ADP,andAMPPNP, (B) AMPPNPIn the
ball-andstick representatiofgreen)interactswith aminoacidsin the AAAL bindingsite

of cytoplasmiadyneinl. Color code: AAAL ircyan blue and AAA2 in shamuink.

Consideringhevital role of the heavychaindefectsan causingsomeof the significant
NDDs [11] and the gigantic size of dynein (~1.2 MDa), srmalecule inhibitors are
suitablemeango examinenowthefunctionof thedyneinmotordomaincouldberegulated

or inhibited. Therefore, this structuigctivity relationship (SAR) study attempted to
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elucidate the structural effect of ciliobrevin A and D, as well as their analogues, on their
potential regulatoryor inhibitory [6] mechanisms concerning the function of thetor
domain in cytoplasmic dynein 1. As the size and the complexity of the various structural
domains of dynein lead to considerable challenges in solving their atomistic holo or apo
structurein vitro, in silico methoddn the presenteavork wereutilized to addressomeof

the currenshortcomings.
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2.2.Materials andMethods

2.2.1. Structure of Dynein MotorSubdomains
Three crystal structures of the motor domain of cytoplasmic dynein 1, including the
linker,areavailablein theProteinDataBank(PDB)[17]. Thethreecrystalstructurestudied
here are motor domains &fictyosteliummotor ADP (3VKG) [18] fromDictyostelium
discoideum as well as yeast motor gpoo ATRbound (4AKG) [19] and yeast motor
AMPPNP (4W8F) [20], botffrom Saccharomyceserevisiae Thecrystalstructuresvere
selectecbn the basisof their resolutionthe conformationof the AAA1 binding site, and
the nucleotidesubstratein the binding site. Due to the complexity of the cytoplasmic
dynein structure, the resolution of tbeystalstructureds low, asit rangesfrom 2.41A
(DictyosteliummotorADP (3VKG) [18]) to 3.54 A (yeast motor AMPPNP (4W8F) [20]);
however, they are the highesiality structures of the domain currently available from

the Protein Data Ban[dable2l).
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Table 2.1: Summary of the features of theystallographically solved structures of

dynein used in this study.

PDB Uniprot ~ Species Resol Exp. Nucleotde Missing residues Released
code code ution pH Binding date
A Domain
4AKG P36022  Saccharomyces 3.30 5.6 AAA1 29442959 201203-14
cerevisiae (apo), (AAA4) and 3658
AAA2 3669 (AAAS
(ATP), AAAB)
AAA3
(ADP)
4\W8F P36022  Saccharomyces 3.54 8.0 AMP-PNP 20252029 20141112
cerevisiae in AAAL, (AAAL1-AAA2),
AAA2, 2950
AAA3 and 2953(AAA4),
AAA4 36593668
(AAA5-AAAG)
3VKG P34036  Dictyostelium 2.81 7.0 ADP in 20612063 201203-14
discoideum AAA1, (AAAL), 2454
AAA2, 2488 (AAA2),
AAA3 and 32123215
AAA4 (AAA4), 3699

3703 (AAAS),
37253758
(AAAS), 4114

4115 (AAAB)
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The hexameric head from thBictyostelium motor ADP [18] crystal structure
accommodatesne ADP moleculein the AAALl, AAA2, AAA3, and AAA4 subunits
(B3VKG) [18]. ThehexameriheadromtheyeasimotorAMPPNPcrystalstructurg4W8F)

[20] possesses an AMPPNP molecule in each of the subunits. The yeast motor apo crystal
structure (4AKG) [19] presents the AAA1L binding site in its unliganded state, whereas an
ATP s found in the AAA2 and an ADP in the AAA3 binding site (4AKG) [19]. The three
crystal structures have their linker in the ppstverstroke conformation. The linker is
straight in theDictyosteliummotor ADP [18] crystal structure (3VKG) [18], spanning the
AAA1 to AAAS subunits. In comparison, the linker stretches from AAAL to AAAthi

yeast motor AMPPNP (4W8F) [20] and the yeast motor apo (4AKG) [19] crystal
structures. The AAAlbinding sites of yeastmotor AMPPNP [20] and Dictyostelium

motor ADP [18] arein holo statesin their crystal structureswith AMPPNP and ADP

boundin eachrespectivelyTable2.1).

2.2.2. Protein StructurePreparation
The accessiorcodesof the threedimensionalstructureof the motor domainof dynein
collected from the PDB platform are 4AKG [19] fro8 cerevisiagUniprot P36022
[21]), 4WS8F [20] fromS. cerevisiagUniprot P36022 [21]), and 3VKG [18] (Uniprot
P34036 [21]) fronDictyostelium DiscoideurfUniprot P34036 [21]fTable2.1).
The amineacid sequences of the two speci&s, cerevisiag(P36022) andD.

discoideum(P34036), were aligned according to the ClustalW algorithm [22,23]. There is
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a sequence identity of ~25% between the cytoplasmic dyneth oérevisiadP36022)
containng 4092 residues and. Discoideum (P34036) containing 4730 residues.
According to the sequence alignmdiityrl7589 Val2273: S. cerevisiaeand Tyr1936
Leu2531:D. discoideuny thereare35% conservedesiduesvithin the AAA1 andAAA2

subdomainef bothspecies (Figurédl andTable2.2).

Table 2.1: Amino-acid sequence identity and similarity of the different parts of dynein,

betweerSS. cerevisiaandD. discoideum

Dynein Sequence Sequence similarity
(S. cerevisia@and D. Discoideum) identity (%) (residues)
Entire amino acids sequence of 24.83% (1193) 1668

cytoplasmic dynein

AAAL 52.02% (116) 63
AAA2 28.14% (83) 95
AAA1 and AAA2 34.67% (207) 185

The yeast motor AMPPNP crystal structure (4W8F) [20] was subjected to E1849Q
mutation to prevenATP hydrolysis at the AAAL nucleotideinding site [20]. The yeast
motor AMPPNP crystal structure was considered suitable for do&liycompetitive
inhibitors in the AAA1 nucleotiddinding site and corresponded to the conformatibn

dynein beforeATP hydrolysis [20]. TheDictyosteliummotor ADP (3VKG) possesses a
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moleculeof ADP in the AAAL nucleotidebindingsite correspondindo the configuration
succeedingATP hydrolysis [18]. In contrast, the yeast motor apo (4AKG) pertains to
motor domain conformation with loaffinity nucleotides binding [19]. Thus, the yeast
motor AMPPNP conformation(4W8F) [20] was chosenover the Dictyosteliummotor
ADP (3VKG) [18] or the yeast motor apo (4AKG) [19] for the ligand docking
experiment.

The missing residues (i.e., crystallographically unsolved) from the motor chain A in
AWSF [20] (i.e., Ala2025 Leu2029, Lys2950 Val2953, and Lys3659 Arg3668) were
modeled andcompletedon the basisof the primary structureof the cytoplasmicdynein
heavychain ofS. cerevisia¢P36022)Table2.1).

Fourteen residues from AAA1 and AAA2 subunits were located in the nucleotide
binding site. They consistedof the W-A or the P-loop region GPAGTGKT [4,7,18]
(Gly1796 Thr1803 inS. cerevisiaand Gly1974Thr1980 inD. discoideury) the W-B
region [4,7,18] (Aspl848&nd Glul849 in S. cerevisiaecomparedto Asp2026 and
Glu2027in D. discoideum)the Sl [4,7,18] (Asn1899 irS. cerevisiaand Asn2078 iD.
discoideuny the Sll (Arg1971 inS. cerevisia@nd Arg2150 irD. discoideum)the Arg
finger (Arg2209 inS. cerevisiaeand Arg2410 in D. discoideum)[4,7,18], and the N-
loop [4,7,18] (Leul769and llel770in S. cerevisiaeompared to Leul947 and Val1948

in D. discoideun(Table2.3).
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Table 2.2: The ATP motifs inS. cerevisia@andD. discoideum

ATP Motifs S. cerevisiae D. discoideum
WalkerA Gly1796Thr1803 Gly1974Thr1980
WalkerB Asp1848Glul849 Asp2026GIlu2027
Sensor | Asn1899 Asn2078

Sensor |l Arg1971 Arg2150

Arg finger Arg2209 Arg2410

N-loop Leul7691le1770 Leul947Vall1948

The retrieved Xray crystal structure (4W8F) [20] was truncated to keep the required
domains potentially affecting the nucleotidimding sites to reduce the necessary CPU
time for the motor subdomain conformational search. That reduced the number of atoms
for calculating bonding and nonbonding interactions among ligand and protein atoms.
The resulting truncated structure included the dynein hexameric head (AAAY:
Tyrl758 Val2984and AAAS AAAG: Leu3370 Asn3970), the linker subunit (within the
tail: Glyl363 GIn1757), and a part of the stalk (l1le29S&r3125) interacting with the
hexameric head. GROMACS [24] packag@e 2016.5, University of Groningen Royal
Instituteof TechnologyGroningen,TheNetherland€ UppsalaSwedenwith theGromos
96 forcefield 54A7 [25], wasutilized for generatingopologyof proteinatomsandenergy

minimizationin vacuoto optimizebondlengths,anglesandorientationof the residuesn

theprotein structure before docking aigands.
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2.2.3. Ligands 3D StructurePreparation
The AMPPNPO6s atomic coordination at t he
referenceThebindingsiteregionwasspecifiedata 15.0A radiussphericaregionaround
the reference structure as tbenter,covering an extra 2.0 A broader region thhat
occupiedoy the AMPPNPInteractingaminoacidsin thebindingsiteof the AAA1 domain
of cytoplasmic dynein 1 (Figuiz3).

A library of 63 ligands (i.e., a chemicaltoolkit in this study) was createdusing
SYBYL- X 2.1.1 (Certara Corporation©, St. Louis, MO, USA). Thdemensional
structures of the ligands were built up individually and minimized stepwise using the
steepest descent algorithatcordingto the Tripos force field, with 0.0001 kJ/mol
energygradientand 10,000,000 iterations. The library contained previously synthesized
andin vitro studied 46analogue®f ciliobrevin [10] anddynapyrazoleA andB [26], as
well as the protonated forms of the lead compounds ciliobrevin A and D and
dynapyrazole A and Bnodeledin silico. It also included the nucleotidé§ P, ADP, and

AMPPNP,a nonhydrolyzable analogue ATP (Figures2.3i 2.5).
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Figure 2.4: Chemicalstructuresof ciliobrevin A andD, dynapyrazoléA andB, andtheir
protonatedstructuresin the ligand library. Ciliobrevin A and D are analogues 1 and 2,
respectively. Chemical structures and atom numbering ot#aened utilizing Chemdraw

software(v.19.1).
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ATP andADP aretheendogenousubstratesf dyneinl[1]. Sincethecrystalstructure
of yeastmotorAMPPNPdid notpossesaTP or ADP in anyof thefour nucleotidebinding
sites (AAAT AAA4), the endogenous substrates were docked into the AAA1 binding site
to study their binding mode and quantify the magnitude of their binding affinity versus
that of each ligand in thibrary. The deprotonated forms &TP, ADP andAMPPNP,
were based on th&TP pKa values [27]. The pH was 8.0 during the crystallization of the
yeastmotor AMPPNP(4W8F)[20], and the pKa of 2-phosphatds approximately6.49
[ 27] . | n compar iasmodphdsphates AT I§ astinwafed at 1.6 [21).
Therefore ATP, ADP, and AMPPNP molecules were also built and assessed in their fully
deprotonated state and subjected to energy minimization. The protonated ciliobrevin A
and D and dynapyrazole A and B structures were builtngpemergetically minimized.
ThepKaof theinhibitorshasnotyetbeenexperimentallydefined.A studyonthedifferent
components of the ligandsd chemical Sstruct
probableprotonatiorstateontheir bindingaffinity. ThepKaof arylaminegroups existing
in thestructureof theligands variesbetweerdi 10[28], meaninghat,atthe physiological
pH, an arylamine (i.e., consisting of the N9 atom of dynapyrazole A and B, ciliolzevin
and D, and their analogues)ould be protonated.It is noteworthythat the lone-pair
electronof theN7,N9, andN11in dynapyrazoléd andB couldbeinvolvedin delocalized
electronic systems of A, B, and C fragments, reducing the availability dbtiegpair
electrons for protonation. Furthermore, the pKa of the quinazd(8id)-one moiety of
dynapyrazole (i.e., ring A and B) is expected to be more acidic than the estimated 3.51 of
quinazoline [29], due to the electron withdrawal effect of the axygaus, the moiety is

more likely to be deprotonated at the physiological pH (Figdje
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FlexX [30,31] docking software, embedded in the LeadIT software pa¢kaye.8,
BioSolvelT, Sankt. Augustin, Germany), was utilized figand protein binding mode
predictions, energy estimation, and ranking the solutions. It predicts theflpgaten
interactions on the basis of the incremental construction algorithm [32]. There are three
fundamentastagego the FlexX dockingalgorithm: selectinga basefragmentplacingthe
base fragments into thbinding site, and incrementally constructing the complex,
followed by calculatingthe interactionenergiesaccordingto the Bohm scoringfunction

for ranking the docking solutiorf83,34].
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2.3.Results and Discussion

2.3.1. Dynapyrazole, Ciliobrevin, and Theknalogues
In vitro andin vivo studiesof ciliobrevin A andD, thetwo ATP-competitiveligands, have
shownthat they nonselectivelybind to the ATP-binding sitesof the hexamerichead of
both cytoplasmic dynein 1 and dynein 2 [7,10]. Dynapyrazole A and B resulted from a
chemicalstructuremodificationto produceciliobrevin analoguesvith higherpotency[26]
to overcome geometric isomerization complexity caused by tii€ CBdouble bond in
ciliobrevin (Figure2.4).

Unlike the ciliobrevin analogues, which abrogate both-$fimulated and basal
ATPaseactivity, dynapyrazole analogues inhibit MstimulatedATPaseactivity with high
potency without affecting bas#dTPaseactivity [26]. This feature resembles Shel, a
microtubuleassociated protein (MAP) that effectively reduces-stimulated ATPase
activity without significantly decreasing its basal activity [35]pEsments have shown
that ciliobrevin A and D, which bind to AAA1, might bind to the AAAS3 site [10]. In
contrast, analogues of dynapyrazole, especially compound 20, abolished basal dynein
activity by binding to AAA3 and AAA4 [36]Forty-six analogues of kobrevin A andD
were proposed to have potentially higher selectivity and potency than ciliobrevin A
against dynein 2 [7]. However, only the IC50 values of four analogues (i.e., 18, 37, 43,

and47) against dynein 1 and 2 were reported [7] (Fi@uBeandTable2.4).
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Table 2.3: 1IC50 values of ciliobrevin A and D, their analogues 18, 37, 43, and 47, and

dynapyrazole A and B for dynein 1 and dynein 2.

Compounds ICs0 (UM) ICs0 (UM)
Dynein 1 Dynein 2
Ciliobrevin A 52.0 55.0
Ciliobrevin D 15.0 15.5
Dynapyrazole A 2.3 2.6
Dynapyrazole B* _ 2.9
Analogue 18 130.0 21.0
Analogue 37 280.0 11.0
Analogue 43 158.0 16.0
Analogue 47 130.0 11.0

* The IC50 of dynapyrazole B against dynein 1 is not available.

2.3.2. Binding Studies of Dynapyrazole, Ciliobrevin, and Théinalogues

Docking of theAMPPNP,obtained from the crystal structure, into the binding site of the
yeast motor AMPPNP [20] of dynein resulted in a conformation with the lowest RMSD
(1.67 A) and binding energy( 7 2 2kJ/@d). The ligand interactedwith the N-loop
(Prol766Leul774) via residues Leul769 and llel770, YWeA region (Gly1799
Thr1803), theb 6strand including the S| motif (Alal893 Asn1899) via Asn1899,
[1e1929 from H5 (Ser19261le1936),andLeul970andLys1974from theH7 (Leul970

Pro1982)Figure26Ci D, FigureAl, andTable2.5).
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AMPPNR;1799

Figure 2.6: AMPPNP in the AAA1 binding site of dyneifA) The linker and the AAAL
and AAA2 subunits ofdynein and illustration of their intesubunit binding site.R)
Docking solution of the minimized AMPPNP in the AAA1 binding site of the minimized
conformation from the yeast motor AMPPNP crystal structure (4W8F). The docking
solution is in stickrepresentationyhile the crystal structureof AMPPNPIs in ball-and
stick representation(C) Theenergyminimized AMPPNHN the AAA1 bindingsiteof the
energyminimized structureof yeastmotor AMPPNP (4W8F) superimposedvith the
dockingsolutionof thereferencdigand, AMPPNP,from the crystalstructure (D) Crystal
structureof AMPPNPdocked in the AAAL binding site of the crystal structure of yeast
motor AMPPNP (4W8F). The calculated conformatifimack-gray) in ball-andstick
representations and the crystal structure of AMPPNP (reference, greeandstiick

representation). Nonessential hydrogen atoms are not shosimfaicity.
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Table 2.4: Binding propertiesofthe ucl eot i desd conf or mat i

silico experiments.

Ligand RMSD Binding Residues interacting with the compound
Vs. energy
X-ray (kJ/mol)
structu
re
AMP -PNP 1.67 -22.06 Leul769, llel770, Gly1799, Gly1801, Lys18(
Thr1803, Glu1804Asn1899, I1e1929, Leul97(
Lys1974
AMP -PNP 4.75 -40.18 Glul767, Glyl1799, Gly1801, Lys180:
minimized Thrl803, Glul804, GIn1849, Asnl89
structure Lys1974
Minimized o} -42.33 Alal798, Gly1799, Thrl800, GIn184
ATP Asn1851, Arg1852, Asn1899rg1971
Minimized o} -31.89 Alal798, Gly1799, Thrl800, Aspl84
ADP GIn1849, Arg1852, Asn1899, Arg1971

Superpositiorof thedomaincrystalstructureshowedhatthe W-A region(Gly1796

Thr1803)in the yeastmotor apo (4AKG) [19] is ~7.0A awayfrom the W-A in theyeast

motor AMPPNP (4W8F) [20]. Th&/-A region (Gly1974Thr1980 inD. discoideunand
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Gly1796 Thr1803 in S. cerevisiae shifts by ~1.4 A Dictyostelium motor ADP)
compared to that in yeast motor AMPPNP (4W8F) [20]. The(5¥r192611e1936) of
AAA1 in the yeast motor ap4AKG) [19] crystal structureshifts by ~3.8 A from the
positionof the equivalenthelix intheyeastmotor AMPPNP (4W8F)[20]. TheH5 helices
(Arg2105 Tyr2114 in D. discoideumand Ser19261le1936 in S. cerevisiag in the
Dictyosteliummotor ADP (3VKG) [18] andin the yeast motor AMPPNP (4W8F) [20] are
~1.3 A apart, similar to the H7 (Leul9701982) of AAAL in the yeast motor
AMPPNP (4W8F) [20] and yeast motor apo (4AKG) [19hat3.9 A distance. There is a
~2.0 A distance between the H7 helices (Gly21482165 in D. discoideumand
Leul970 Pro1982 inS. cerevisiagof the Dictyosteliummotor ADP (3VKG) [18] and
yeast motor AMPPNP (4W8F) [20]. The displacements of the domain segitie.,
yeast motor AMPPNP [20], yeast motor apo [19], &ictyosteliummotor ADP [18])

i mply that AMPPNP bi n ddrivergcordoamatoreadchaage inthé nd u c
binding site (Figure&2 andA3).

The docked AMPPNP conformation obtainednfroi t s ener gy mi ni mi z
kJ/mol) had 4.75 A RMSD due to the optimization of the bond lengths and angles
according to the implemented forield parameters. Similar to the reference ligand, the
conformationof the docked,energyminimized(i.e., the optimized)structureof AMPPNP
interacted withATP motifs [4,7]. However, the orientation of the aromatic nucleotide
fragmentof the energyminimizedAMPPNPallowedthe systemto engagewith positively
charged Lys1974 of the HLeul970 Pro1982) via polar ionic interactions, which is not
possiblefor theligandwith theconformationseenin thecrystalstructure Unlike thelatter,

the amine group of the optimized conformation engaged-loomtl interactions with the
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carboxylategroupof Glul767(N-loop: Pro1766 Leul774)andits o-phosphatereatecan
H-bond with GIn1849 (E1849Q) (FiguBs6Bi C, Tables2.3 and2.5).

The energyminimized A T P Birgling energy is lower than that AMPPNP,which
suggestATP bindsmorestronglyto cytoplasmiadyneinl thanAMPPNP( 1T 4 ZJ/r808B
VsS. T40. 18 AK P bimlmd mode obtdined after the conformational search
displayedits interactionwith Alal798, Gly1799, and Thr1800 from the W-A region
(Gly1796 Thr1803), GIn1849 fromth&/-Bmo t i f i n TBsSp1848AAsalBRE 4 3
and Argl852, b ei AsplB48nhandHB (QluAShXall & 4),3vith the 9
(Asnl1899 i nAsbl899)arklArgle7a ot H7 (Leul970Prol982)(Figure
2.7B, Tables2.3 and2.5).

The ADPO6s binding energy was 131.89 kJ/r
nucleotidegATP with T 42.33kJ/molandAMPPNPwith T 40.18kJ/mol),thuspresenting
the lowest affinity toward the AAA1 binding site (Figuz&C andTable25).

2.3.3. Ciliobrevin A andD

The calculated conformation of ciliobrevi
strongemaffinity thanciliobrevinD (bindingenergyr 23.92kJ/mol).Ciliobrevin A (IC50 of
52.0 uM [26]) had a lower potency than the D analogue (IC50 of 15.0[26y).
Ciliobrevin A andD both displayedweakerbinding affinity than ATP ( 7 4 2kJ/r&dd),
AMPPNP( 1T 40.18 kJ/ mol ), and ABARnd (Tab25 &h® kJ/ m
2.6).

The 021 atom of ciliobrevin A was involved in a ~2.1 A hydrogen borHditl). In

contrast, the 021 of ciliobrevin D formed a ~1.8 Abhd with Lys1802 (th&V-A motif,
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Gly1796 Thr1803); the positively chargedammonium fragment of Lys1802 usually
contributes to the stabilization of the negatively cha®y€® o-phosphate [37]. The 022
of ciliobrevin A and D engaged in anlbbnd with the sidehain of Asn1899 $ motif of
the b6 (Ash1899)&Da3~1.314.4 A distanceThe Sl is involved in placinga
wat er mol e c-phbsphatea @\&R andtthe emegative charge of Glu1849 of the
W-B motif, thereby facilitating a nucleophilic attack for hydrolyzation [37]. The @22
ciliobrevin A and D also formed an-bbnd (~1.8 A and ~1.9 A, respectively) with
GIn1849 (in E1849Q mutant). In the wild-type dynein, Glu1849 is responsiblefor
activating a water molecule placed by th¢ @sn1899 in yeast dynein 1) to trigger the
network mechanism @&TP hydrolysis [37]. Therefore, the E1849Q mutation in the yeast
motor AMPPNP crystal structure represents a conformation incapaBieratfiydrolysis
[20]. In the in silico conformational search that the mutant of dynein was studied,
GIn1849 showed interactions with ciliobrevin A and D viebéhd formation. The N9
atom of the ligand$nteractedwith the hydroxyl group of Thr1803of the W-A motif
(Gly1796 Thr1803) througha 2.8 A H-bondin ciliobrevin A anda 2.9 A H-bond in
ciliobrevin D, while Thr1803 usually participates in the stabilization of tAdP o-
phosphate [37]. Thus, by interacting wikhr1803,ciliobrevin A andD could block the
activity of the subsiteswhich otherwise would be involved in the hydrolytic reaction on
the ATP (Figures2.4 and2.8).

The cyanide(CN) moiety of ciliobrevin A formedanH-bond(~2.5A) with Thr1897
of (Al&L893 Asn1899). The CN was involved with the hydroxyl (OH) moiety of
Thr1897in ciliobrevin D (at ~2.8 A distance).It is noteworthythat Thr1897 doesnot

belongto the ATP maotifs, nordid it showanyinteractionsn thein silico dockingsolutions
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of the nucleotides. However, the CN moiety seemed to act as an auxiliary anchor to
promote placements and orientations of the significant substructures of ciliobrevin A and

D in the proximity of the criticaATP motifs, namely,the W-A and the 9. Aliphatic

chans of theW-A (by Gly1799, Lys1802), the-B(by Asn1899), and th&/-B motifs (by

Asp1848 and GIn1849) were involved in van &®aals (VdW) interactions with the
hydrophobic fragments of ciliobrevin A and ciliobrevin D. This suggests how ciliobrevin
AandD 6 s e f AT® antagonisisgnthe ATP motifs andThr1897,coulddisturbthe
activity of themotord o mai n by Dbl ocking the c28tand yti c

Table2.3).
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Figure 2.7: (A) The linker and the AAA1 andAA2 subunits of dynein and illustration
of their intersubunit binding site. Binding interactions of docking solutionsB)fATP

(orange) and) ADP (yellow) compared to AMPPNP (green) at the AAA1 binding site.
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Table 2.5: Amino acids affected by ciliobrevin A and D in their protonated and

deprotonated states.

Compound Binding Residues interacting with the compound

energy

(kJ/mol)
Ciliobrevin A -28.22 Alal798, Lys1802,Thr1803, Glul804, Aspl84¢
N9 protonated GIn1849, Thr1897, Asn1899, Arg1971
Ciliobrevin A -26.23 Gly1801, Lys1802, Thr1803, Glul1804, Aspl8:

GIn1849, Thr1897, Asn1899

Ciliobrevin D -26.15 Lys1802, Thr1803, Glul1804, Asp1848, GInl8:
N9 protonated Thr1897,Asn1899
Ciliobrevin D -23.92 Gly1801, Lys1802, Thr1803, Glul1804, Aspl8:

GIn1849, Thr1897, Asn1899

Ciliobrevin A -23.84 Gly1799, Thr1800, Gly1801, Lys1802, Thrl8(
N7 protonated Glul804, Leul970, Argl1971
Ciliobrevin D -23.55 Gly1801, Lys1802, Thr1803, Glul1804, Aspl8:
N7 protonated GIn1849, Thr1897, Asn1899
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Figure 2.8: Ciliobrevin A and D conformation at the AAA1 binding site of motor domain
of dynein 1. A) Ciliobrevin A and B) Ciliobrevin A superimposed on ATP.CJ
Ciliobrevin A and ciliobrevin D superimposed) Ciliobrevin D and(E) Ciliobrevin D

superimposed on ATP.
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2.3.4. The Analogues BindindProfile
Analogue 30 showed the bedfinity, along with analogues 29 and 28 (the lowest energy
T27.87 kJ/ mol VsS. respective 1T27.37 kJ/ mol
28, 29, and 30 was involved in ankddnd with the polar H of the amide bond moiety of
Gly1801 in theATP motif, the W-A (Gly1796 Thr1803). Furthermore, their N9 atom
formed an H-bond with the OH moiety of Thr1803of the W-A (Gly1796 Thr1803).In
these analogues, the CN moiety played a similar role in ciliobrevin A and D. It was also
involved in an Hbond format i on wi th the OH of -chamsaf 897 i
Asn1899 in the 8 and GIn1849 of th&V-B motif also created an-Hond with the 022
of the analoguesihe hydrocarbon chains of Gly1799 angs1802 in theW-A motif, as
well as Asp1848 and GIn184$% the W-B motif, hydrophobically interacted with the C8
of quinazolinone ring B and the acrylonitriteiety. Thus, analogues 280 engaged with
ATP motifs and the b 6throughwhich they could hinder the motor d o ma inatuéak

function (Figure®.5 and2.9, TableA1l).
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—+ Analogue 30/ ATP  R220"

Figure 2.9: Analogues of ciliobrevin at the AAA1 binding site of dyneinA) Analogue
30. B) Analogue 30 superimposed oWTP. (C) Analogue 29. (D) Analogue 29
superimposedon ATP. (E) Analogue 28. (F) Analogue 28 superimposedon ATP.
Superimposition of&) analogues 29 and 33{) analogues 30 and 28, arldl #nalogues

28 and29.
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Chemicalmodificationsresultingin analoguet5 showedts improvedbindingaffinity
versusanalogues28i 30, 38, and 42, as well as ciliobrevin A and D. However, the
similarity in their binding profiles showedthatthey could comparablycompetewith ATP
for binding to the functional motifs in the AAAl1 nucleotidei ndi ng site. The
021 atom formed an4dond with the polar H of the Gly1801 in tié-A motif, and their
N9 atom formed an Hond with the OH of Thr1803 in the saA&P motif. There was
alsoan H bondbetweerthe022andAsn1899%f theS-1 andGIn1849of theW-B. Similar
to analogues 280, the CN moiety of analogue 42 formed abdhd with Thr1897 of
t he Db6. T hdogs®thélongtowhbATER rhotifs,alsointeractedwith ciliobrevin
A and D, aswell as analogues 45, 30, 42, 29, 28, and 38. The OH of Thr1897 was
involved with GIn1849 (in th&/-B motif), knownfor its connectiorwith watermolecules
to promoteATP hydrolysis. In analogue 38, the CN was replaced with a metlid@iyl€)
moiety. The O34 of the methoxgroupinteractedwith Lys1974viaa2.2 A H-bond.The
benzeneing wasreplaced with pyridine in analogue 45, whose N31 atom formed a 2.1 A
H-bond with Lys1974 in the H7 helix (Leul9Mr01982). The Lys1974 positive charge
could potentially form a dipotenduced moment with the pyridine ring of analogue 45,
although the positely charged amino acid is not perpendicular to the (iFaple A2,
Table2.3 and Figuré\6).

The analogues of ciliobrevin (i.e., ciliobrevin A and D, as well as analogues 28, 29,
30, 38, 42, and 45) affect tAd'P hydrolysis process also through bindiogAsn1899 (in
the Sl), which usually forms an #ond with and positions water molecules for the
nucleophilic substitution [37]. A conserved Asn residue (e.g., Asn@&Xbfr,a member

of the AAA+ proteins[38]) is involvedin an H-bondformationwith the conservedGlu
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from theW-B motif (Glu108 in PspF of AAA+ proteins [38]) found at the AAA1 binding
site of severallyneing[37]. Throughtheinteractionf an ATP competitiveinhibitor with
theGlu or the Asn, the Asn (Asn64 in PspF [38]) cannot contribute t&TiRehydrolysis,
as the glutamateesidueof the W-B motif (Glu108in PspF[38]) is unavailableto activate
awater mol ecule through deprot onaluatamate [ 3 7]
s wi t c lséhoughttalbe an endogenousnechanisnthat regulatesATP hydrolysisin
dyneinto evade a nonproductive powerstroke [37]béhd formations of Asn1899 with
ciliobrevin A and D, as well as its analogues, could disrupfitsewi t ch o mechani
therefore, interferewith the regulation of the dynein powerstrokeprogression.The
glutamateswitch involving Glu108 in PspF [38] has not yet been detected in cytoplasmic
dynein 1. The Asmesidueinvolvedin thefi g | u t sawniattsedplacedwith a cysteine
(Cys1822in S. cerevisiagin the dynein 1 isoform [37]. However, an intramolecular H
bond of 2.1 A betweethesidechainsof GIn1849(E1849Q)andArg1852wasvisualized
in the optimized (i.e., energyninimized) structure of yeast motor AMPPNP dynein
obtained through atin silico conformational search. In contrast, the crystal structure
shows a relatively long distance (3.9 A) between the residues. Thus, the energetically
stabilized conformation demonstrated Argl852 and GIn1849 in the positions and
orientations capable of strong-bdbnd formation, where an arginine in place of the
asparagine could interact with the gl utama
1 (FigureA7).

2.3.5. Geometrical Isomerization Effect on Ciliobrevin Binding to t#6AA1

Ciliobrevin A and D exist in twgeometric isomers dE or Z at the C8C11 double bond

78



[10]. The potency of the ciliobrevin was thought to be affected by isomerization, where
thereis only afractionof theisomerabrogatinglynein[4]. Thebenzoylacrylonitrile group

of the molecule favors thE isomer since the ordimensional NMR spectrum and the
result of a 2D nuclear Overhauser effect spectroscopy (NOESY) of ciliobrevin D showed
anintramoleculaH-bondbetweerthehydrogeratomontheN7 andthe O22that stabilizes
ciliobrevin D in solution[26]. TheN7 is directly attachedo the C8, andthe O22 relates to

the C11 via the double bond to the C13, which is covalently attached to the C11 (Figure
2.5 and FiguréA8).

Ciliobrevin A: The effect of geometricaisomerizationof ciliobrevin A wasinvestigated,
whereits Z isomer showedbinding with 6.82 kJ/mol higher energythan the E isomer
(126.23 kJ/ mol ) .Zisbrmeeengaged in a 1.20Abbnd With thensele
chainof the S-I, throughAsn1899in b §Ala1893 Asn1899)anda2.7A H-bondwi t h b 3
(Alal1843 Asp1848)of the W-B via GIn1849.The Z isomerdid not interactwith Thr1897

of t he Dbi&Asn1899), anlike thd& isomer of ciliobrevin A. On the other hand,

its CN moiety formed an #hond with the 81 ATP motif through Arg1971 of the H7

helix (Leu1970Pro1982).The N9 atomof the Z isomerwasinvolvedin a 2.2 A H-bond

with the carboxylatenoiety of Asp1848from b JAlal843 Aspl1848),andits O21 atom
alsoformed a2.2 A H-bondwith theaminogroupof Asn1821in theb Xtrand(Val1818
Asn1821).Ring A of theZi s o mer orientedtaokifmg mwiat H t h
moiety of Argl852, a key elementintheg | ut amat e switcho in dyn
the conformation obtaindd thisin silico conformationakearch.The bindingenergieof

theE andZisomers ofciliobrevin A indicatedthatthe E is favorableoverthe Z isomer,as

theformerdisplayed a significantly higher binding affinity toward the AAA1 binding site
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(Figure2.10Ai B andTableA3).

Z isomer of

ciliobrevin A

I P

\ A1798 _F
W-A loo ~ \a] 1
&% A ¢ ’W S e Y1902
v i 5§/
7 S y
Pl%ﬁ%} & 1 P1900 ,.
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Figure 2.10: (A) Z isomerof ciliobrevin A at the AAAL1l binding site of cytoplasmic
dynein 1. (B) Superimpositionof Z and E isomers of ciliobrevin A.§) E isomer of
ciliobrevin D at the AAAl binding site of cytoplasmic dynein D) (E isomer of

ciliobrevin D superimposed on its Z isomeE) (Z analogue 22 and the residues at the
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AAA1 binding site of AAALl. £) Z analogue 22 superimposed on its E isomer at the

AAAL1 bindingsite.

Ciliobrevin D: The binding energy of it& isomer,similar to ciliobrevin A, was also
higherthanitE ( T 1 9 . mMidBl kW9 . 1 23.92 Kk J /Zmanerutilizeé spect
its O22atomto engagen anH-bondwith the polarhydrogerof the Gly1799amidemoiety
in the W-A motif (Gly1796 Thr1803). TheZi somer 6s CN group was a
H-bonds with Lys1802 (1.9 A) of th&-A motif, as well as Thr1803 (2.5 A) and
Glu1804 (2.3 A). The N9 of th&isomer formed a weak-Hond with Arg 1971 in the H7
helix (Leul970Pro1982).It is noteworthythat the Z isomer of ciliobrevin D did not
interactwith the SI motif via Asn1899 (Figur@.10CG D andTableA3).

Theeffectof theCN eliminationfrom ciliobrevin A andits replacementvith amethyl
groupin analogue2?2 [7] wasexaminedhroughthe studyof its geometriasomers.TheE
isomerbecameaveakerthanE-ciliobrevin A andD; howeverjt wasslightly strongethanits
Z isomer(analogue22 E isomer,1 17.49kJ/mol,versusi 16.83kJ/mol). The E wasbound

tothe AAAL sitevia H-bondwith Lys1802.1t alsoformedanH-bondvia its N9 atomwith

thecarboxylategroupof Glu1804.TheZ isomerof analogue?22 displayech~18djrotation
in thebindingsitecomparedo its E isomerandciliobrevin A andD. Its uniqueorientation
resulted in Hbonds withAlal798 and Argl971 via its O22 atom. In addition, His1967
interactedwith its ring D of the Z isomerthrougha T-shaped 7~ stacking.lts ring A also
showeda similar conformatioragainsflyr1902,while the Pro1900orientationfacilitateda

proindbenzene VAdW interacti on2iKFandldblkA3). | i gand?®b
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2.3.6. Dynapyrazole A andB
The 021 of dynapyrazole A and B formedbdnds (~1.9 A) with thenV-A peptide
backboneqGly1796 Thr1803)via Lys1802andthe H1 helix (H1, Glu1804 Gly1810).

TheH atom on the N9 in dynapyrazole A and B was involved in a 1.6bbmhtl with the

W-A via Thrl803, whose OH moiety typically interacts with an 2K?Igesulting in

stabilizing the charges on th&TP o-phosphate [37]. Thus, the ligands, which have a

slight binding difference (~0.32 kJ/mol), could similarly hinder the interaction between

the cation and th&hr. In addition,the CN moiety of dynapyrazoleA andB formedH-

bondswith theb 2 s (Vall8I8dsn1821)throughAsn1821(2.3A), whichwas~4.0A

awayfrom Aspl1848, a member of th&-Bmo t i f i n t hiAkspl®48). Thek| al 8 4
coul d i ndir ec tnotiity afféctingthetW-Bd ysspE48ra&Gegmentthat

usuallyhostsATPtoundergo hydrolysis [4,37] (Figu&11 andTableA4).

2.3.7. Impact of Elimination of Carbon Double Bond on the Affinity of
Dynapyrazoleand Analogues
Ciliobrevinds der i vat dyzapytarole by eliméndtingtlee C8 he sy
C11 doublebond andinsertingthe ring C in dynapyrazoleandits analogueg26]. The
processlsoconsisteaf replacingheO22atomin ciliobrevinwith theN11in dynapyrazole
to improveits potency.Thatresultedin the IC50 plummetingfrom 15 uM (ciliobrevin D)
to 2.3uM (dynapyrazoleAd) [26], whereaghe binding strengthof the former improved
by ~15 kJ/2mantTableE4, TahlesA8 andA4).
The double bond in ciliobrevin A and D positionally allowed Eheomer to form H

bondsbothwith Thr18970f theb §Alal893 Asn1899)via the nitrogenof its CN moiety
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andwith Asn1899throughits O22 atom. The energycontributionof this eventcould have
beerthecauseof thedifferencein thetotalbindingstrengthconsideringhattheN11of the
replaceding C in dynapyrazolénadno interactionwith the AAA1 bindingsite,in contrast
to the eliminated O22 in ciliobrevin. However, the @iétogen atom of dynapyrazole A
and B formed an Hbond with Asn1821 (Figur211F).

Among the analogues 37, 43, and 47 of ciliobrevin possessing the double bond,
analogue47 showedthe lowestIC50 (130.0uM [26]) andthe strongesbinding( 1 26 . 1 2
kJ/mol), whereas analogue 37 with the highest IC50 (280.0 uM [26]) had just 2.01 kJ/mol
higher bindingenergythananalogue47. Analogue4?7 is suggestedsthe mostsuitable
candidate for furthein vitro andin vivo experimental evaluations for its effect on dynein

motility and its selectivity profile (Figur212).
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A andB. (D) Binding modes of dynapyrazole BE) Superimposition of dynapyrazole B

andATP. (F) Superimposition of dynapyrazole A and ciliobrefan
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Figure 2.12 The ligands binding energy versus theis(C

2.3.8. Protonation Effect on Ciliobrevin A and Binding
Consideringhe pKa valuesof the chemicalmoietiesof theinhibitors,asstatedearlier,the
N9 and N7 might be weak candidates for protonation at the tissues with alkaline pH
(Figure2.4, FigureA9, andTable2.6).
Protonation of ciliobrevin A at the N9 positanraused a ~12.0 kJ/ mol
in binding strength, suggestingthat ciliobrevin A might be protonatedat the N9

depending on the environmental pH, which would interfere with the motor function.
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However, the possibility seems low concerning the juxtaposed carbonyl moiety at the
C10. Unlike the neutral (unprotonated) ciliobrevin A, its protonated form interacted with
Alal1798 of the W-A motif (Gly1796 Thr1803) through its benzylic ring D. The
proomt ed N9 atom was 2.6 j away from the ca
(Ala1843 Asp1848), which couldhave also electrostaticallyaffected the positively
charged\9 atomandcontributeto the strengthening of ciliobrevin A bindiadfinity.

The protmated N9 of ciliobrevin projected a similar binding profile to that of the
A analoguewith enhancedbinding comparedto its neutralform ( T 2 3kJ/&d vs.
1T26.15 kJ/ mol ). Therefore, ciliobrevin D,

inhibitory effect on dynein in vitro.

Theprotonatedciliobrevin A at the N7 wasa weakerbinder(~2.39kJ/mol) compared
to its neutral structure (with26.23 kJ/mol), suggesting that the ligand is less likely to be
protonatechtthe N7 positionin solution,asthenitrogena t o lor@e-pair electrongendto
participate in the delocalized electron cloud of the aromaticiing

Protonation of the N7 atom of ciliobrevin D had a minor effect on binding (0.37
kJ/mol), sinceprotonatedand unprotonatedD analoguessimilarly treatedthe AAAL
nucleotide site through Gly1801, Lys1802, Thr1803, Glu1804, Asp1848, GIn1849,
Thr1897,andAsn1899.

2.3.9. Effect of Protonation on Binding Mode of Dynapyrazole A arigl

Protonation of dynapyrazole Aat N9esul ted in a slight bi ndi
kJ/mol). This analogue was the only one in the library of 63 ligands totditie linker

domain of dynein. An ionic interaction was formed between the protonated N9 and the
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carboxylate group of Glu1586 in thetdirn 6 (Val1586Glu1588 of the linker), while its
021 formed an kbond with the amide moiety of Prol766 in thelddp (Rol766
Leul774). The aliphatic sigghains of Lys1696 and Glul699 in the H13 of the linker
domain (Aspl69PAsnl1l717) and Glul767 in the-lNop (Prol766Leul774) were
hydrophobically affected by the hydrocarbon fragment of the ligand consisting of the C8,
the C12, and the C13 atoms. The positively charged guanidine moiety of Arg1878 in
H7 (Leul970Prol1982) interacted with the monochloride benzylic ring D thrqugjar
interactions. Thesebservationlucidatedthe improvemenif the total binding strength
of the N9protonated dynapyrazoke
Protonation of dynapyrazole A at N\l so benefited from pr
kJ/mol). The considerable improvement indicated that the I€%@ro better correlated
with the | igandads pon. dttelectrostatieatly intetacted with th&N7 p o
negative chargef Glul1804carboxylaten theH1 helix (Glu1804 Gly1810),while its N9
createdan Hbondto the OH moietyof Thr1803in theW-A (Gly1796 Thr1803).Thedata
showedthat protonatiorat the N7 site wasbeneficialto the ligand (Figures2.4 and2.13

andTableA4).
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Figure 2.13 Binding of the protonated dynapyrazole A at the AAAL binding site of

dynein 1. A) Overview of the AAAl andAAA2 units, and linker domains. (B)
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atom. H) Dynapyrazole A protonated at the N11 atom superimposed on dynapyrazole A.
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Protonationof N11 in dynapyrazoleA causedslight weaknesof the binding (0.27
kJ/mol) compared to its neutral form due to a minor difference of the interaction network
set up by the NZXprotonated ligand. The protonated N11 atom showed no ionic
interactons. Dynapyrazole A in this configuration was the only analogue, among the
protonated and neutrdiynapyrazoléA andB, to interactwith the b §via Asn1899)and
theb 3trand(via Asp1848 and GIn1849), resembling the binding modwliobrevin and
itsanalogues.

Protonation of dynapyrazole B at Nallso had an insignificant effect on its binding
(~0.62 kJ/mol), similar to its protonated A analogue. It had the lowest predifttety
towardtheAAA1 subunitin theligandslibrary andinvolvedVal1819throughvVdW forces
via its ring D. Insummaryprotonation at the N11 was disadvantageouytapyrazole
A and B and weakened their binding affinities to the AAAL site (FiguteFigure

A10Ei F, and TableA4).
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2.4.Conclusions
The presented work provides structural data according to an SAR study to explain how
ciliobrevin A and D, dynapyrazole A and B, and their protonated structures, as thell as
46 analogues;ouldinhibit ATP bindingandits hydrolysisin thenucleotidebinding siteof
theAAA1 subunitof themotordomainin cytoplasmialyneinl. Thelowestbinding energy
of ATP among the 63 ligands of the library suggested its superior binding affinity over all
the competitive inhibitors. However, ciliobreviA and D, as well as most of the
analoguesouldbindto thefunctionallykey subsitesincludingthe Sensot andll, N-loop,
and theW-A and B, also known as theTP motifs; thus, optimizing the concentration of
the competitive inhibitors vitro could result in blocking the AAA1 nucleotide site in the
absence oATP or its lower concentration. In particular, analogue 47 is suggested as the
most suitable candidate féurtherin vitro andin vivo experimental evaluations due to its
strong binding affinity and | ow |1 C50. The
with the ATP binding and hydrolysis was shown to vary depending on their critical
functionalfragments.The presenceof the carbonyloxygenon ring B of the ligands, for
instancejn ciliobrevin D, resultedin its 021 atomforming an H-bondwith the Lys1802
aminemoietyin theW-A motif. Thepositivelychargecammoniungroupof theLys usually
acts as an anchor by applying electrostatic forces on the negatively chanigesbhate,
thereby contributing to the catalytic network #&TFP hydrolysis. At the same time, the
022 of the ligand formed an-bbnd with Asn1899 of the-Bmotifinthe b6 st r and.
S I's i nvolved i n pl ac-phosphatea oRiWaahdethe nagativee c u |l e
chargeof Glu1849 of the W-B motif and enablesa water moleculefor a nucleophilic

attack, required forthATPhy dr ol yzati on. The 022 al so fac
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bond formation with the GIn1849 in the Glu1849GlIn proteirtant.

Eliminating the C8C11 double from ciliobrevin, removing O22 and, replacing it
with the N11 by insertion of the ring C in dynapygole, resulted in the alteration of the
chemical structure, which lowered the IC50 in dynapyrazole. However, the N11 of the
ring did not mimic the O22 effectanddiminisheddynapyrazoleinding strength despite
being at a relatively similar position in the ligand structure. Protonation at the N11 atom
did not enhance its contribution to the bindeigergy,as shown in a separate attempt.
However,dynapyrazoléA benefitedfrom theN7 andN9a t o prstanaion accordingto
theimprovementgainedin their binding energy.The N9-protonateddynapyrazoleA was
the only analogue in the ligand library to bind to the linker domain of dynein. The ligand
conformational pose and the consequent binding tdirtker domain were facilitated by
the electrostatic interaction between the protonated N9 and the carboxylate group of
Glul586 in the Tturn 6 of the linker and an-Hond with the amide moiety of Pro1766 in
the NHloop. The aliphatic sidehains of the H18elix in the linker domain, as well as the
N-loop, interactedwith theligandhydrophobicsites,namely the C8,the C12,andthe C13
atoms. The observation explained the improvement of the total binding strength of the
N9-protonated dynapyrazole A agaiitstunprotonateéorm.

There are two geometrical isomdfsand Z of ciliobrevin, according to its G&11
double bond. Th& isomer enabled#h ond f or mati on of the |1 ge
Thr1897throughthenitrogenof theligand CN moietyandwith Asn1899%via its O22atom.

The Z isomer of the analogue D interacted with WWeA motif, showing no substantial
effecton the S-1 motif. In contrast,the Z isomerof ciliobrevin A interactedwith the S-

motif throughAsn1899of theb @Gndtheb trand.aswell aswith the W-B via GIn1849.
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Unlike its E isomer,the Z of ciliobrevin A showedno effect on Thr1897 of the b 6 .
However,its CN moiety causedan H-bond with the S-1I motif. Ring A, the benzene
moiety of the Z isomer,had a polainteraction with Arg1852 in a position suitable for a
‘i stacking wimbiétyoftthe arginghe.la also apppearexto contributeto
thed g | ut sawiatt @h 0 rmedgnkimln The binding energiesof the geometric
isomersof ciliobrevin A andD indicatedthatthe E hada significantly higheraffinity than
theZ towardthe AAA1 binding site. Assessing the effect of geometrical isomerization on
analogue 22 resulted in the conformation of its isomers in two opogteations in the
binding site. This wakkely dueto thereplacemenof the CN moietywith amethylgroup

in thatparticular analogue, causing a drastic change in the isomer bmduohes.

The benzene ring replaced with a pyridine moietyairalogue 45 led to a polar
interaction with Lys1974. Analogue 45, similar to other pyrigssessing analogues of
ciliobrevin (i.e., 28, 29, 30, 38, 42, and 45) could affect the ATP hydrolysis via binding to
Asnl1899, a conserved residue of therBotif that facilitates placing water molecules for
nucleophilic substitution in ATP hydrolysis.

The glutamate switch (involving Glul108 in PspF [38]) has not yet been detected in
cytoplasmic dynein 1; however, an intramoleculabdhd of 2.1 A between thside
chains of GIn1849 (E1849Q) and Arg1852 was detectedin the most energetically
favorable conformation of the yeast motor domain throughrtrelico conformational
search. It exhibited conformationwith Arg1852andGIn1849in orientationscapableof a
closeand strong Fbond formation, suggesting that arginine could also interact with the
glutamate in regulating It he Aswitchod mecha

New analogues of dynapyrazole, recently introduced by Santarossa et al., [36] were
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shown to be potent in Imbiting basalATPaseactivity of dynein while binding to AAA3

and AAA4. The binding assessment of analoguet3vill be critical in evaluating their
inhibitory mode of action at the AAA3 binding site, which is not conserved in axonemal
dynein and cytopkmic dynein 2. This makes the AAA3 subunit a suitable target in the
futuredirectionof this study. Utilizing the presentednformationcancontributeto setting

up experimentsvith afocusonthemostpromisinganaloguesor their selectivityto dynein

1 versus its second isoform. This research suggests avenues to improve the potency and
selectivityof the smallmoleculeinhibitorsthatcouldtargetcytoplasmicd y n e activity s

to treat neurodegenerative and carniseases.
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Summary

The first chapter of this research work explored the dual function of dynein and kinesin in
promoting viralproliferation and theiessentialc ont ri buti on to the hoc
response. The literature review informed of the usurpation of dynein and kinesin by
viruses to complete delivery of their genome from the cell periphery to the site of their
replicaton and from this site back to the plasma membrane for the release of the
replicated genome to facilitate viral spread. This study showed the involvement of kinesin

and dynein at each phase of viral infection, namely, entry, genome replication, and exit or
egress. However, thmotor proteins are also involved in the immunological response of

the host cell to inhibit viral infection. Smatholecule inhibitors of kinesin (BTR) and

dynein (ciliobrevin) displayetheinhibitory activity of viralinfection.

The second chapter of this thesis focusedtadyingthe binding profile of small
molecule inhibitors of dynein, ciliobreviandits analogues, and dynapyrazole A and B.
The binding site of the chemical inhibitorssrevealed through computational medlso
The effect of protonation on the inhibitors was discusard that othe isomerization of
ciliobrevin A. The careful analysis of data collected from this study helped to propose the
identity of a residue that c¢oudmndwhielnhgdage i r
not been observed in cytoplasmic dynein 1 yet thrang¥ivo or in vitro experimental
structures of the protein. Thus, this work represents an assortment of valuable knowledge
that will contribute to a better understanding tbeé dynein mechanm and to the

amelioration of the chemical inhibitors whose binding profiles have now been revealed.
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Figure Al: Amino acids sequence alignment of the AAA1 and AAA2 subunits of dynein
corresponding tds. cerevisiag17582273) andD. discoideum(19362531) with the
ClustalW program. The WA motif is highlighted in blue. The grey highlights represent
sequence similay. A singular dot (. ) indicates that residues belong to a different group
of amino acids, while a colon ( : indicates thatesidues belong to the same group of

amino acidsandan asterisk( * ) indicates sequence identity.
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Figure A2: (A) Structural alignment of the AAA1 and AAA2 of yeaSMPPNP (4W8F)
and yeastpo (4AKG) (B) A closeup of the AAA1 binding site. Helices (HO, H1, H5,
and H7) of the AAAL subdomain, the Walk&r(W-A) loops with the AMPPNP in the
ball and stick representati in green located at the AAA1 nucleotibieding site and the
H6 of the AAA2 subdomains of the yead®WMPPNP (4W8F) and yeasipo (4AKG).
Color code: yeasAMPPNP (AAAL in green cyan and AAA2 in sharp pink) and yeast

apo (AAAL in orange and AAA2 in yellow
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Figure A3: (A) Structural alignment of the AAAl1 and AAA2 subunit of the
DictyosteliumADP (3VKG) and yeasAMPPNP (4W8F) (B) A closeup of the AAA1
binding site. Helices (HO, H1, H5, and H7) of the AAAl subdomain, the WalkaW-

A) loops with the AMPPNP in the ball and stick representation in green and ADP in the
ball and stick representation in yellow located at the AAAllentidebinding site and

the H4 of the AAA2 subdomain of tHeictyosteliumADP (3VKG) and the H6 of the
AAA2 subdomain of the yeastpo (4AKG) (C) Structural alignment of ligands at the
AAAL1 nucleotidebinding site of theDictyosteliumADP (3VKG) and yeasAMPPNP
(4W8F) with AMRPNP in the ball and stick representation in green and ADP in the ball

and stick representation in yellow with a cross (x) on its atoms to distinguish them from
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the atoms of AMFPNP. Color codeDictyosteliumADP (AAAL in green and AAAZ2 in

blue) and yeasAMPPNP (AAAL1 in green cyan and AAAZ2 in sharp pink)
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Figure A4: (A) AMP-PNP interacting and residues of the AAAL nuclecbdaling site.
Distances between catalytic residues of the AAAL nuclediideéing site of dynein and

t h ehobphate ofB) AMP-PNP andC) ADP.
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Figure A5: Annotation of the secondary structure AAA1 and AAA2 domains of

cytoplasmic dynein according to the 4W8F crystal structure retrieved from the PDB.
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Figure A6: Binding mode=f ciliobrevin analogies at the AAA1 binding site of dynein
1. (A) Analogue 45. (B) Analogue 45 superimposed on ATHC) Analogue 42, (D)
Analogue 42 superimposed on ATFE) Analogue 38. (F) Analogue 38 superimposed on
ATP. Superimposition o{G) Analogues 42 and 45(H) Analogues 38 and 45(1)

Analogues 38 and 42.
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Figure A7: Intramolecular interactions between the catalytic residues at the AAAl
binding site and Arg1852 involving a potential glutamate switch. The docking solution of
AMP-PNP is represented in green and stick. Thr1803 and Asp1848 accommodate Mg
during ATP hydolysis. Sensor | (N1899), M8 (E1849Q), Rfinger (R2209) play

catalytic roles during ATP hydrolysis.
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Figure A8: E andZ configurations of ciliobrevin DRed arrows point to the double bond

between the C8 and Chtoms.
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Figure A9: Binding modes of the protonated forms of ciliobrevin at the AAA1 binding
site of dynein 1.(A) Ciliobrevin A protonated at the N9 atonB) Ciliobrevin A
protonated at the N9 atom superimposed on ciliobrevi(CA Ciliobrevin A protonated

at the N7 atom(D) Ciliobrevin A protonated at the N7 atom superimposed on ciliobrevin

A. (E) Ciliobrevin D protonated at the N9 atoffr) Ciliobrevin D protmated at the N9
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atom superimposed on ciliobrevin [@5) Ciliobrevin D protonated at the N7 atoi)

Ciliobrevin D protonated at the N7 atom superimposed on ciliobrevin D.

111



Figure A10: Main binding interactions of the protonated forms of dynapyrazole B at the
AAAL1 binding site of dynein 1(A) Dynapyrazole B protonated at the N7 atdi)
Dynapyrazole A protonated at the N7 atom superimposed on dynapyrazdgle) B

Dynapyrazole B protonateat the N9 atom(D) Dynapyrazole B protonated at the N9
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