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Abstract
Dynein and kinesin are motor proteins involved in the retrograde and anterograde,
respectively, transport of cargoes, including viral genomes following infection. Current
literature reveals that both proteins play critical roles in ensuring successful viral
proliferation. The literature also shows that the motor proteins are involved in the
immunological response of host cells. Small-molecule inhibitors of kinesin and dynein
inform of the function of the proteins during viral proliferation and immunological

response.

The investigation of the binding profile of small-molecule inhibitors of dynein,
namely, ciliobrevin and analogues as well as dynapyrazole A and B, and the protonated
forms of the lead compounds at the AAA1 binding site of dynein revealed the identity of
the residues interacting with the inhibitors. This research project also analyzed the effect
of isomerization of ciliobrevin on its binding profile, the impact of protonation of lead
compounds on the binding affinity of the inhibitors, and the intramolecular interactions in
dynein. The results suggest a potential residue in the AAA1 subunit of cytoplasmic
dynein 1 that could be involved in the ‘glutamate switch’ mechanism, which according to

the literature, has not been observed in dynein 1.
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Introduction and Overview
Dynein and Kkinesin are motor proteins that perform their motor functions via
microtubules (MTs), which are proteins in a hollow shape composed of alternating o and
B heterodimer G-proteins, acting as an arranged system of tracks that allow delivery of
cargoes, such as mRNA, nucleus, mitochondria, and vesicles. Dynein belongs to the
ATPases Associated with various cellular Activities (AAA+) superfamily, meaning they
employ energy generated from hydrolysis of ATP to accomplish their functions. The
motor protein ensures the retrograde transport from the cell periphery to the perinuclear
region, whereas kinesin directs the anterograde transport, from the perinuclear area to the
cell periphery. Dynein and kinesin participate in cellular functions such as cell division,
immunological response, and embryogenesis. Defects in the motor proteins can cause
pathologies such as cancer, neurodegenerative diseases (NDDs), which include

Parkinson’s disease (PD), Alzheimer’s disease (AD), and Huntington’s disease (HD).

During viral infection, viruses exploit the delivery function of kinesin and dynein
to ensure viral proliferation. Chapter 1, an article in preparation for publication, reviews
the role of the motor proteins in the export and import of viral genome following viral
infection and their role in the immunological response of the host cells. Chapter 2, a
published article co-authored with Dr. Alisaraie, focuses on small-molecule inhibitors of
dynein, ciliobrevin and analogues, and dynapyrazole A and B, revealing their binding
profile using computational chemistry and structural biology methods, as the binding site

of the inhibitors had not been analyzed in the literature.
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This research work contributes to the fields of biochemistry, medicinal chemistry,
and pharmacy, as the knowledge provided through the scientific review in Chapter 1
summarizes the ambivalent role of dynein and kinesin in both viral proliferation and
immunological response. The scientific investigation in Chapter 2 guides on avenues to
improve the selectivity of the inhibitors on dynein isoforms, uncovers the identity of
residues interacting with the inhibitors, directs future research on improving the potency
and reducing the toxicity of the small-molecule inhibitors with the objective that a drug
could be generated to treat dynein dysfunctions. This research work also proposes a
potential candidate involved in the ‘glutamate switch’ mechanism in dynein, which had

not been observed yet in experimental crystal structures of cytoplasmic dynein 1.

The objectives of this thesis research were to explore the role of dynein and
kinesin in the transport of viral particles in cells and to elucidate the binding site of
inhibitors of cytoplasmic dynein 1 using in silico methods. Chapter 1 informs that while
viruses exploit cellular delivery machinery to ensure their viability, the motor proteins
kinesin and dynein are actors in generating the immunological response. Hence, therapies
involving the target of the motor proteins through small-molecule inhibitors must
consider the action of the proteins in promoting the immune response to avoid an
impairment of the immunity system of host cells. The investigation on the binding profile
of small-molecule inhibitors of dynein carried in Chapter 2 is a stepping-stone for future
research on the refinement of the inhibitors against NDDs and viral infections to result in

efficient inhibition of dynein and isoform 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 (HPV) [1]. The interior of the envelope of
viruses displays a capsid, which refers to the protein shell protecting the nucleic acid of
the viral genome [2]. Viruses contain 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 agents are 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, and uncoating. 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 membrane [3]. Viruses exploit the

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

Dynein and kinesin are motor proteins involved in cytoplasmic trafficking [4]. Dynein

is responsible for retrograde transport [5] from the cell periphery towards the nucleus,



while kinesin ensures the anterograde transport [6] from the perinuclear 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 (DYNCLLI), four intermediate chains
(DYNC1I), and six light chains (DYNLT1 or TcTex-1, DYNLL1 or LC8, and DYNLRB)
for an approximate weight of ~1.2 MDa [7]. Dynein employs its light intermediate chains
(LICs) to carry cargoes to the perinuclear area, and these chains bind to the intermediate
chains (ICs) [4]. This motor protein accomplishes its functions by forming a multifactor

complex with its cofactor, dynactin [4].

The superfamily of motor proteins, called kinesins (KIFs), carry cargoes including
organelles, mRNAs, and complexes of proteins through microtubules (MTs), and are
characterized by the presence of a conserved domain in a globular shape called the head,
containing approximately 360 residues, where hydrolysis 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 domain called the ‘neck’ displays features
distinctive to each family of kinesins, is located 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 14 families using phylogenetic classification. Members of
the kinesin-1 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 PB-sheet neck and a high amount of conserved residues in a coiled-coil stalk [8]. The
three sub-families of animal KHCs, namely, KIF5A, KIF5B, and KIF5C, consist of a
cargo-binding domain (CBD) located in the stalk and a light chain-binding domain
(LCBD), which connects to a kinesin light chain (KLC) [8]. The kinesin-2 family or N-
kinesins are composed of the following sub-families: KIF3A, KIF3B/C, and KIF17.
Members of this family are involved in the transport of organelles, spermatogenesis, and
intraflagellar transport (IFT). The kinesin-3 family is composed of the KIF1, KIF13,
KIF14, KIF16, and KIF28 subfamilies and an indeterminate subfamily named
NcKIF1C/Klp7. This family distinguishes itself with a forkhead-associated (FHA)

domain following a B-sheet and an a-helix in the neck region specific to the family [8].

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
antigen-presenting cell (APC) and the cytotoxic T cell accompanied by the translocation
of the microtubule-organizing centre (MTOC) [10]. Studies have shown the involvement
of dynein and kinesin in both the activation of T cells and in the formation of the
immunological synapse as well as in the transport of critical players in an effective

immune response from the host [9-11].

This chapter explores 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 from 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 the Polyomaviridae family was first
isolated from rhesus monkey kidney cells [12, 13]. The human equivalent viruses, namely
BK (BKPyV) and JC (JCPyV) polyomavirus, have been shown to cause diseases such as
hemorrhagic kidney and bladder infections as well as leukoencephalopathy and Merkel
cell carcinoma in humans [14-16]. The virus displays a non-enveloped structure
composed of seventy-two (72) pentamers of capsid protein VP1 in which DNA is
enclosed, whereas each polymer displays a hydrophobic capsid protein VP2 or VP3 [14].
The penetration of SV40 in host cells for infection occurs with the binding of the virus to
the ganglioside GM1 receptor [17] on the plasma membrane followed by endocytosis [18]
and transport to endolysosomes [19] and penetration of the endoplasmic reticulum (ER)
[20-23]. Ravindran et al. showed that kinesin 1 binds to J-protein 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 the ER membrane results from the distinctive ability of kinesin 1, unlike kinesin 2
and kinesin 3, in selecting acetylated MTs. Kinesin 1 typically carries cargoes from the
cell centre to its periphery as the movement of the motor protein is directed towards the
plus-end of the MT, a movement known as the anterograde transport [24]. However, the
finding that kinesin 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 the plus-end [14]. Hence, kinesin 1 was shown to play a critical role in delivering

SV40 to the cytosol.

Another research study from Ravindran et al. revealed that dynein 1 binds to
SV40 particles to promote viral infection through disassembling the virus to release viral
genetic information necessary for transcription and translation [25]. A cell-based
semipermeabilized-membrane assay assessing the ER-to-cytosol transport showed that
dynein is not involved in the delivery of SV40 from the plasma membrane to the ER nor
to the cytosol but instead is an actor in post-cytosol transport of SV40 [25]. Treatment of
infected cells 5 hpi (hour post-infection) with ciliobrevin D, a small-molecule inhibitor of
dynein, revealed the motor protein not to be involved in the emergence of ER-to-cytosol
penetration sites, as no inhibitory activity was observed at that stage [25]. Furthermore,
mass spectrometry and precipitation analysis showed SV40 to bind to dynein 1 in the
cytosol [25]. Mass spectrometry also showed dynactin, a sub-unit activator of dynein 1, to
attach to SV40 located in the cytosol. The overexpression of dynactin subunit 4, which
inhibits dynein activity, disrupted SV40 viral activity. Hence, dynactin also promotes
SV40 activity [25]. Both Sucrose Density Sedimentation (SDS) and limited proteolysis
experiments on SV40-infected cells (control) and infected cells treated with ciliobrevin D
revealed that the inhibitor reduced the fraction of disassembled SV40, which
demonstrated that disruption of dynein 1 hindered SV40 disassembly [25]. Thus, this
study showed that dynein 1 plays a role in transporting SV40 at a post-cytosolic stage and
engages in disassembling the viral genome to release the genetic information during the

cytosol-to-nucleus phase for promotion of viral infection [25].



Mouse polyomavirus (MPyV), from the Polyomaviridae family, 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, GD1a or GT1b, on
the plasma membrane [26]. Zila et al. showed that dynein 1 plays a critical role in
transporting 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
protein essential for infection [26]. A seventy percent (70%) reduction in MPyV infected
cells was observed following the overexpression of dynamitin, which results in dynein
inhibition through the disassembly of dynein and dynactin, a co-factor of the motor
protein. Furthermore, confocal microscopy analyses of the overexpressed-dynamitin cells
showed that virions significantly remained at the periphery of the cells at 5 hpi, while in
mock-transfected cells, the virions accumulated near the nucleus at that moment [26].
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 the MPyV 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 from the Filoviridae family [27], the
rabies virus (RAV) from the Rhabdoviridae family [28], and the human
immunodeficiency virus integrase [29]; thus, promoting their viral activity [27]. LC8 was

shown to interact with the multifunctional viral protein of the Ebola virus [27], namely



the VP 35, involved in evasion from the host cell immune reaction and synthesis of viral
RNA [30, 31]. Luthra et al. showed that the interaction between LC8 and VP35 is specific
as mutation of the binding motif (71-SQTQT-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 VP35 [27].

Rabies lyssavirus (RAV) is a negative single-stranded RNA, which is fatal
following the emergence of symptoms. The structure of the virus encompasses an RNA-
dependent RNA polymerase (RavL), a nucleoprotein that encloses the viral RNA (RavN),
and a noncatalytic phosphoprotein (RavP). Dynein light chain LC8 plays a critical role in
promoting viral infection of RAV through binding to RavP [28]. The complex, formed by
LC8 and RavP, has a dissociation constant (Kg) of 82 = 8 nM, making RavP the ligand

that naturally binds the strongest to LC8 among other natural ligands [28].

1.2.3. Dynein light chain LL1 and the Hepadnaviridae and Circoviridae
families

The Hepatitis B virus (HBV) from the Hepadnaviridae family is an enveloped

pararetrovirus, which causes acute to chronic liver diseases [32]. HBV 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 proteins [32]. The virus

is endocytosed in host cells where the release of its capsid occurs, followed by retrograde

transport from the cytosol to the nucleus [33]. Repair of rcDNA results in the formation



of covalently closed circular DNA (cccDNA), which is used for viral mRNAs
transcription [34-36]. Through the binding to the pregenome, the pol interacts with the Cp
and causes the assembly of RNA-containing capsids (rnaCs) [32]. Reverse transcription
and incomplete second-strand DNA synthesis contribute to the maturation of the genome
[37]. Liver cells infected with HBV carry the rnaCs, capsids with intermediate products
from maturation, few capsids containing rcDNA (matC), and empty capsids (empCs) due
to an overexpression of Cps [38]. The research work of Osseman et al. revealed that
empCs and matCs are actively transported through the cytosol to the nucleus via their
binding to the LL1 of dynein 1, which is simultaneously bound to DynIC [32]. Thus,

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

Porcine circovirus (PCV) is affiliated to the family Circoviridae with two
identified genotypes: PCV type 1 and PCV type 2 [39]. Porcine circovirus type 2 (PCV2)
is an adenovirus pathogen and is the type responsible for diseases such as post-weaning
multi systemic wasting syndrome (PMWS), porcine dermatitis, and nephropathy
syndrome (PDNS) [40]. DYNLL1 was found to form a complex with PCV?2 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 binding of DYNLL1 and the first
proposed binding area consisted of Leul87, GIn188, Thrl89 and Ser190 [40]. Thus,
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 the Circoviridae and Nimaviridae
families

There are eleven possible open reading frames (ORFs) in the genetic information of PCV
[39, 41-44]. 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 Rab5-positive endosomes suggesting that viral infection involved
endocytosis of PCV2 viral particles [39]. Treatment of PCV2-infected cells with NazVOa,
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 (1C1) location to
overlap that of the PCV2 Cap protein and a reduction in expression of Cap. Cao et al.
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-
terminal composed of residues 42-100, directly interacts with IC1. The knock-down of
IC1 resulted in the inhibition of PCV2 viral replication, underlying the crucial action of
the dynein subunit in promoting the infection. Cao 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

periphery 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 downregulated genes responsible for PCV2 capsid proteins [39].
Noteworthy that dynein IC1 was located at the nuclei of PCV2 infected cells, although
the motor protein was found in the cytoplasm of non-infected cells. Cao et al. suggested
that IC1 is carried to the nucleus for the efficient viral proliferation of PCV2 through an
unknown mechanism. Furthermore, 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 from 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 the Nimaviridae family is among the
predominant significantly deadly viruses attacking Penaeid shrimps [45]. Confocal
microscopy revealed that WSSV virions and cytoplasmic dynein colocalized in
hemocytes of shrimps [46]. The knockdown of FCDYNCI, the intermediate chain of
cytoplasmic dynein of Fenneropenaeus Chinensis or Chinese white shrimp, inhibited
WSSV viral infection, supporting the involvement of dynein in the transport of the virions
from the cell periphery to the nucleus [46]. The mechanism through which the
intermediate chain of dynein facilitates 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 positive-strand RNA virus and is classified under the Hepacivirus
genus in the family of Flaviviridae [47]. Eyre et al. showed that ciliobrevin D, an
inhibitor of cytoplasmic dynein [48], 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 non-structural protein NS5A, which engages in
crucial steps of HCV viral infection such as the regulation of viral RNA replication and
the assembly of virions [47]. Thus, dynein was shown to promote viral infection 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 from the family of Flaviviridae, with
a positive sense RNA [49]. Its entry into the host cell is facilitated by endocytosis [49]. 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 carry the viral genome to the nucleus for efficient replication
following endocytosis [49]. 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 concentration [49]. As time elapsed, the concentration of the E
protein increased, and the maximum concentration of the dynein-E complex 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 co-immunoprecipitated in an assay, further
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indicating the formation of this complex during DENV viral infection [49].
Computational docking of DENV-E protein (PDB: 1TG8) and dynein (PDB: 2P2T),
which is dynein light chain LC8 interacting with residues 123-138 of intermediate chain
IC74, revealed putative residues where interaction occurs, but further studies are required
to elucidate the exact residues involved in the dynein-E complex interaction [49]. 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 the cytosol [49]. The inhibition of dynein also resulted in the restriction of
DENV core (C) proteins to the cytosol [49], while it was previously shown that the C
proteins are carried to the nucleus [50]. Hence, dynein plays a critical role in DENV viral

infection through transporting E and C proteins towards the perinuclear region [49].

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 mammalians [51]. PRV belongs to the Alphaherpesvirinae family
along with human herpes simplex virus types 1 and 2 (HSV-1 and HSV-2) and the
varicella-zoster 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 Us9p [52]. 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 and the delivery of DNA into the nucleus [51]. Co-immunoprecipitation

assays showed VP1/2 interacting with the dynein/dynactin complex through interactions
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with the proline-rich region of VP1/2 [51]. Thus, dynein 1 engages in transporting a key

component of PRV viral infection.

1.2.7. DYNLT1 (former Tctex-1) and DYNLT3, and the Papillomaviridae
family

Human papillomaviruses (HPV) from the Papillomaviridae family are non-enveloped

adenoviruses with an icosahedral shape [53]. There are 360 copies of the major capsid

(L1) and 72 proteins of the minor capsid (L2). The entry of the virus to deliver its circular

double-stranded DNA genetic information is initiated by endocytosis. It was detected that

DYNLT1 interacted directly with the L2 viral proteins using the two-yeast hybrid

technique, verified with co-immunoprecipitation and western blotting [53].

Co-precipitation of DYNLTS3 and the L2 proteins 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 ND10 implied that the increased expression of
the capsid protein triggered translocation of the light chains of dynein.
Immunofluorescence deconvolution microscopy showed DYNLT1 and DYNLT3
interacting with the L2 proteins in the cytosol and the nucleus during HPV16, a subset of
HPV infection. Treatment with siRNA and antibodies against DYNLT1 and DYNLT3
showed a reduction in the infectivity of HPV in HelLa (reduced to 26% for anti-DYNLT1
and 65% for anti-DYNLT3) and HaCaT (reduced to 34% for anti-DYNLT1 and 81% for
anti-DYNLT3) cells, indicating the critical action of these light chains of dynein in

promoting viral infection [53]. Colocalization of the L2 and the ND10 was reduced to
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19% for DYNLT1 and 26% 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 an essential role in

HPV16 viral infection.

1.2.8. DYNLRB2 and the Retroviridae family
Murine Leukemia Virus (MLV) is from the Retroviridae family [54]. It relies on cellular
division to enter the nucleus, similar to members of the Gammaretrovirus genus, 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
DYNLT3 did not significantly inhibit MLV viral infection, indicating that the two light
chains do not play a crucial role in promoting the viral infection. However, the
knockdown of DYNLRB1 resulted in overexpression of DYNLRB2, which significantly
contributed to a 2.5-fold increase in the level of infection. Furthermore, the knockdown of
DYNLRB2 caused a reduction in the rate of MLV infection. The detection of physical
interaction between DYNLRB2 and MLV proteins was not revealed. Opazo et al.
suggested that the light chain might not directly interact with viral proteins but indirectly
through a protein interacting with DYNLRB2 [54]. 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 light chain of dynein DYNLRB2 was shown to be essential in the

MLV viral infection.
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The light intermediate chain of dynein, DYNCLI2, promotes MLV infection, as its
knockdown caused a partial inhibition of MLV infection [55]. However, dynein
regulators, pS0 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
Once delivered to the perinuclear region, the entry of viral capsids in the nucleus allows

the replication of viral genetic information.

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

The Nuclear Pore Complex (NPC) consists of more than 30 various proteins, and
transmembrane nucleoporins (Nups) attach the complex to the nuclear envelope [56].
Nup358 is a peripheral PheGly-repeats-containing 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, some viruses succeed in crossing the NPC and
accessing the nuclear envelope [56]. Strunze et al. showed that kinesin light chains 1 and
2 (KLC1/2) bind to the virion protein pIX to execute uncoating of adenoviruses [56].
Knockdown experiments revealed that Nup214 and Nup358 are necessary for the
uncoating step; however, the attachment between NPC and the virus is achieved only by

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 kinesin light 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 the viral genome into the

nucleus [56].

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

Dynein light chain (DLC1) acts as a transcription factor to encourage viral transcription
of Rabies Virus (RABV) [57]. The viral RNA of RABV encodes L, an enzymatic subunit,
and P, a cofactor [57]. A PL complex is formed and ensures RNA replication and
transcription. Dynein Light Chain 1 (DLC1) binds to the PL complex. RABV-L complex
was found to localize at acetylated MTs. The putative RMTQ motif in DLC1 binding to
the RABV-L motif is responsible for MTs 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 DLC1 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 RABV1 [57].
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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 nucleus, the viral genome is

packaged, and the capsids are assembled in preparation for extracellular release. The

motor proteins are involved in delivering viral particles to the plasma membrane for

egress.

1.4.1. KIF13A and KIF18A and the Orthomyxoviridae family
The influenza A virus (IAV) of the Orthomyxoviridae family [6] belongs to the group of
negative-strand RNA viruses, and its virions possess eight ribonucleoproteins (VRNPS) in
the inner core [58]. The GTPase Rabl1l protein, whose traffic is modified during IAV
infection, interacts with KIF13A, which belongs to the kinesin 3 family. Ramos-
Nascimento et al. showed KIF13A is involved in the delivery of VRNPs to the cell
periphery, as overexpression of this motor protein caused VRNPSs to agglomerate near the
plasma membrane along with Rab11 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 VRNPs to the cell surface

through forming a complex with Rab11 and vVRNPs [58].

Following 1AV infection, an increase in the expression of KIF18A, a member of
kinesin 8, occurs [59]. Inhibition of the motor protein by BTB-1, a specific small-
molecule inhibitor, reduced the cytopathic effect (CPE) in infected cells [6]. 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 particles [6].
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 KIF18A is recovered in infected cells [6].
However, an augmentation in viral proteins expression was obtained following
overexpression of KIF18A [6]. Immunofluorescence experiments showed that treatment
of infected cells with BTB-1 caused viral NP to remain in the nucleus [6]. Viral NP is
carried from the nucleus to the plasma membrane as a VRNP complex. The retention of
these particles at the nucleus when KIF18A is inhibited by BTB-1 indicates the critical
action of the motor protein in promoting viral infection [6]. The inhibitor BTB-1 prevents
the nuclear export of VRNPs by hindering the activation of AKT, p38, SAPK, and
RanBP3 pathways required to export proteins via Chromosomal Maintenance 1 (CRM1)-
mediation [6]. Noteworthy, BTB-1 significantly decreased both the symptoms and the
death rate in infected mice [6]. Hence, KIF18A contributes to viral infection and
represents a target for drugs aiming to treat 1AV infection. The small-molecule inhibitor

BTB-1 displayed efficient inhibitory activity towards IAV infection [6].

Lassa virus is of the Arenaviridae family 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, JUNV Guanarito, Chapare, and
Sabia viruses, causing epidemic hemorrhagic fever in South America [60]. Fehling et 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 virus [60]. Overexpression of KIF13A
caused Z proteins to relocalize to the plasma membrane along with mannose-6-phosphate
receptor (M6PR), indicating that the M6PR trafficking pathway is used for the delivery of
the viral protein Z to the cell periphery through the motor activity of KIF13A [60].
However, immunofluorescence revealed that the motor protein does not transport other

viral proteins (i.e., LASV nucleoprotein NP or the glycoprotein GP) [60].

Co-immunoprecipitation experiments showed that KIF13A specifically binds to the

matrix Z protein [60].

Furthermore, a double-negative 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 co-precipitated with the protein
but was not able to deliver the latter to the plasma membrane [60]. Knock-down of the
motor protein using small interfering RNA (SiRNA) revealed a decrease in the
anterograde delivery of virus-like 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 assembly [60]. The JUNV and MACV of the New World
arenaviruses group also displayed an interaction with KIF13A, revealing a conserved
mechanism of anterograde transport within the Arenaviridae family [60]. Hence, the

motor protein KIF13A is engaged in promoting viral infection in Arenaviridae viruses.

19



1.4.2. KIF1A, KIF5A, KIF5B, and KIF5C and the Alphaherpesvirinae family
The delivery of viral proteins of HSV-1 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 following viral capsids'
assembly and DNA packaging [61]. Kratchmarov et al. showed that phosphorylation of
the membrane protein Us9p at Ser51 and Ser53 contributes to the efficient transport of
viral proteins through the interaction between Us9p and KIF1A [62]. The interaction is
critical for ensuring the anterograde transport of PRV particles [52]. However, the
phosphorylation step is not essential to the delivery of viral particles, as its inhibition
resulted 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 Us9p [61].

Furthermore, KIF5C, a subunit of kinesin 1, has been shown to interact with HSV-
1 bound to Us9p [63]. Inhibition of the gE/gl-Us9p complex caused a reduction in the
efficiency of the recruitment of KIF1A and KIF5C in PRV particles [61]. Diwaker et 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 (AIS). Next, the motor protein is replaced with
KIF5C, as the loading of KIF5C onto PRV cells was conditioned 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 Duraine et 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% decrease in transportation and inhibition of kinesin light
chains (KLC1 and KLC2) resulted in an 87% decrease [63]. However, only a 6%
decrease in the rate of anterograde transport was observed when kinesin 3 motor, KIF1A,

was silenced [63].

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

Alphaherpesviruses cause a reduction in the kinetics of mitochondria in axons to promote
viral infection efficiently [61]. Following PRV infection, an increase in Ca?* is observed,
caused by a rise in action potential [64]. Miro, a cellular protein sensitive to Ca?",
prevents the recruitment of kinesin 1 heavy chain (kin-1 HC) to the mitochondria, as the
binding of Ca?* to Miro induces the release of kin-1 HC from the organelle [64]. The
PRV infection was characterized by a decrease in anterograde transport of mitochondria,
with the retrograde transport being predominant [64]. Hence, alphaherpesviruses cause an
alteration of mitochondria kinetics involving kin-1 HC to ensure successful viral

infection.

1.4.4. Tctex-1 (also known as DYNLT1) 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 characterized by a positive single-stranded 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 protein (E), and a membrane protein (M)
[65]. To produce viral particles, the membrane protein M is generated from the
synthesized precursor protein preM [65]. The M protein comprises an ectoderm (ectoM)
domain and two transmembrane domains (TMDs). Brault et al. revealed the C-terminal of
ectoM to be involved in the assembly and entry of the virus [65]. Tctex-1, also known as
DYNLTL, is the light chain of dynein [53]. 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 revealed the critical role of GIn5.

Furthermore, immunofluorescence analysis revealed that precursor M proteins
localized near the nucleus where DYNLT-1 expression is high [65]. In the experiment,
the inhibition of DYNLT-1 caused a decrease of ~65% in viral titres in DENV and ~70%
in WNV [65]. Brault et al. suggested that the role of DYNLT-1 occurs at later stages of
viral infection, as the inhibition of the motor protein did not significantly alter the number
of infected cells [65]. Hence, DYNLT-1, 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 the infection. Further studies are necessary to establish the role of

dynein and the stage at 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 host cells following

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 cell, activating the
latter and resulting in an immune response. It involved cytokines release and caused the
reorganization of T cell receptor (TCR) signalling molecules and the microtubule-
organizing centre (MTOC) [10]. Cytoplasmic dynein has been shown to play a critical
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 IS [67-69]. Dynein is also involved in the transport of vesicles
towards the MTOC before and after its translocation at the IS [70-72]. The aggregation 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 membranes [10, 71]. It is noteworthy
that inhibition of NDE1 causes abrogation of MTOC translocation, indicating its critical
role in the process [10]. Furthermore, the knockdown of CLIP-170, 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 cells [10]. Additionally,
phosphorylation of CLIP-170 at Ser312 allows the relocation of MTOC and the complete

activation of T cells [10].

1.5.2. Recruitment of dynein to the immunological synapse
Retrograde transport allows the delivery of lytic 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 towards the IS [9,
73]. Dynein was shown to be involved in the centrosome's polarization [9, 67, 68].
Danielle et 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 protein [9]. Inhibition
of Rab7 using siRNAs resulted in a decrease to more than 25% of the killing activity of
CTLs and murine cells [9]. Western blot analysis indicated that Rab7 interacts with Rab
interacting lysosomal protein (RILP) [9]. Cantalupo et al. revealed that RILP recruits
dynein to the late endosome [74]. Depletion of Rab7 reduced the Killing activity of CTL
by 30% in both cells with over-expression of RILP and without over-expression of RILP,
underlying the importance of Rab7 and that over-expression of RILP does not
compensate depletion of Rab7 [9]. Furthermore, Danielle et al. found that the interaction
between active Rab7 and RILP causes dynein recruitment to secretory lysosomes by the

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

1.5.3. Transport of activator and costimulatory receptors
CD70 is the protein-ligand of CD27, a member of the TNF (Tumor Necrosis Factor)
family, and the dimer CD27-CD70 engages in the T cell immune response [75]. Keller et
al. revealed that the complex dynein-dynactin protein is involved in the movement of
CD70, as indicated through immune-EM analysis. The analysis showed that CD70
vesicles aggregated at the perinuclear region toward the 1S [75], indicating that dynein is

involved in transporting a critical component of the IS.

Guanylate kinase-associated kinesin (GAKIN), a member of the kinesin 3 family,

known as KIF13B [11], acts as an inhibitor of Caspase Recruitment Domain Family
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Member 11 (CARD11). It is a key adaptor in T cell receptor (TCR) signaling to NF-xB
and a recruiter of critical signaling proteins to the IS [76]. NF-kB, which is a transcription
factor, is crucial in T (Thymus) and B (Bone marrow) cells for causing proliferation,
survival, and effector functions of lymphocytes [76]. Reduction of GAKIN activity using
RNA interference resulted in an augmented NF-«kB activity [76], suggesting that a

member of the kinesin 3 family is involved in regulating the activity of NF-«xB.

1.5.4. KIF5B and GTP-binding protein ADP-ribosylation factor-like 8b (Arl8b)
and NK-mediated cytotoxicity

The small G protein ADP-ribosylation factor-like 8b (Arl8b) belongs to the Arf-like
family and interacts with the heavy chain of kinesin 1, KIF5B, through a connecting
protein called SifA and kinesin-interacting protein (SKIP) [77]. The small G protein
localizes at secretory lysosomes of NK cells [78]. 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 Kkiller) cell-mediated
cytotoxicity and MTOC polarization [78]. Inhibition of KIF5B and Arl8 impaired
polarization of MTOC, indicating the critical contribution of both proteins to this vital
step of the IS formation [78]. 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
Herpesviridae family

The Herpes Simplex Virus 1 (HSV-1) belongs to the Herpesviridae family [80] and is the
causative agent of oral-facial infections [79, 80]. This enveloped virus utilizes its US3
viral protein kinase for the downregulation of CD1d at the surface of APCs to evade NKT
immune response [79, 81, 82]. The kinesin-2 subfamilies consist of KIF3A, KIF3B/C,
and KIF17 [8]. Inhibition of KIF3A, a member of the kinesin superfamily, using SIRNA
and dominant-negative mutation knockdown resulted in the impairment of the delivery of
viral genome from late endosome to the periphery of the cell [79]. Furthermore, the
blockage of KIF3A using shKIF3A shRNA caused a reduction in the expression of CD1d,
indicating the involvement of KIF3A in the expression of CD1d [79].
Immunofluorescence results and coprecipitation of US3K220A with KIF3A showed that
US3 directly interacts with KIF3A [79]. Phosphorylation assays and mutational studies
revealed that US3 directly phosphorylates the C-terminus of KIF3A at residue Ser687
[79]. This phosphorylation is critical to the downregulation of CD1d, as Ser687Ala
mutation completely inhibited the downregulation of CD1d in infected cells [79]. Hence,
HSV-1 evades immune response through downregulation of CD1d, a critical APC

molecule, via phosphorylation of KIF3A [79].
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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. The retrograde
transport of viral genome during infection of viruses such as the polyomavirus simian
virus 40 [14], the Hepatitis B [32], the porcine circovirus [39], engage different subunits
of kinesin and dynein 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, kinesin is also involved in the transport of

viral particles towards the perinuclear region [14].

Kinesin light chains 1 and 2 (KLC1/2) and dynein light chain 1 (DLC1) both play
critical roles to favor the nuclear entry of viral particles [56, 57]. Through binding to the
virion protein plX, KLC1/2 engages in uncoating adenovirus and disrupts the Nuclear
Pore Complex (NPC) [56]. DLC1 facilitates transcription of the rabies virus in acting as a
transcription factor by binding to viral proteins, P and L, to ensure viral replication [57].
Several subfamilies of kinesin, such as KIF13A [58], KIF18A [60], KIF1A [61], and
KIF5C [61], as well as DYNLT-1 [65], play critical roles in the anterograde transport of

viral particles for the efficient proliferation of several viruses.

Kinesin and dynein are not only involved in promoting viral infection during
retrograde and anterograde transport but also in the defensive response of the immune
system. Dynein is recruited at the immunological synapse (1S), where T cells join APCs
to execute an efficient immunological response to viral infection [66]. Dynein delivers

CD70 vesicles to the 1S, and GAKIN regulates the activity of NF-xB [75]. To ensure 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 periphery [78]. However, NKT immune response can be
evaded through phosphorylation of KIF3A by downregulation of CD1d, a critical APC

molecule by the HSV-1 [79].

The function of motor proteins kinesin and dynein in facilitating viral proliferation
makes these proteins a target for drug discovery. However, the involvement of the motor
proteins in stimulating the host's immune response indicates that inhibition of these
proteins might also impact the defensive reaction of host cells. Thus, studies exploring the
role of dynein and Kkinesin in infected cells and 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 AAA1 Subunit of Cytoplasmic Dynein-1 Using a

Chemical “Toolkit”

2.1. Introduction

Motor proteins, dynein, kinesin, and myosin, in eukaryotic cells are responsible for
transporting cargoes within cells [1]. Dynein and kinesin perform their function in
conjunction with the cytoskeletal protein microtubule (MT) [1]. MTs comprise 11-16
protofilament biopolymers [2] consisting of of-heterodimer proteins [1,3]. Nine
subfamilies compose the dynein family, 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 of cell division [1].
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Cytoplasmic dynein 2 guarantees transportation of cargoes through MTs in
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 the Hedgehog 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]. Impairment of dynein 2 could
disturb the Hh pathway since it is involved in IFT [6,7]. Inhibitors of dynein such as
ciliobrevin analogues cause the inhibition of the Hh pathway [10]. Dynein malfunction
can promote cancer cell proliferation [7], as dynein 2 is involved in the Hh pathway and
oncogenesis process [6].

Defects in the heavy chain of dynein are associated with neurodegenerative
diseases (NDDs) [11], characterized by the degradation of neurons. NDDs refer to an
array of neurological disorders, including Parkinson’s disease (PD), Huntington’s disease
(HD), Alzheimer’s disease (AD), and motor neuron diseases [5]. Three common features
observed in the NDDs are the presence of protein aggregates, the involvement of
nonautonomous factors, and 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 symptoms such as resting tremors, bradykinesia, and rigidity of limbs [5].
HD is a condition associated with disturbance in muscle coordination and cognitive
impairment caused by a polyglutamate fragment on the huntingtin protein resulting from
the repetition of the CAG codon in exon 1 of the gene responsible for the mentioned
protein [5,11]. Both PD and HD 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 transport, observed in animal and cellular models,
represents indirect evidence of dynein involvement in PD and HD pathologies.
Dysfunction of dynein causes the Golgi apparatus to fragmentize, a phenomenon observed
in the brain of patients with PD, as well as cellular 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 [11]. AD is marked by the presence of clusters of
misfolded proteins, i.e., amyloid plaques consisting primarily of amyloid  peptides (AB) in
the brain of patients with AD [5]. Indirect evidence obtained through the knockdown of
dynein, causing an increase in AP peptides, suggested the involvement of dynein in AD;
however, further experiments are needed to exhibit a direct correlation between dynein
activity and AD [5]. Eyre et al. revealed that dynein plays an essential role in the
transportation of NS5A, a hepatitis C viral protein, inside cells. Dynein ensures the
efficient replication of the virus, as well as the assembly of virions [6]. Chapter 1
extensively explores the function of dynein in viral proliferation and immune response.
Dynein was discovered before kinesin [4]; however, the former has been more
challenging than the latter to solve its three-dimensional structure and to understand the
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 substructures or domains
utilizing X-ray crystallography, electron microscopy, and mutagenesis studies have
provided insights into its function and role in the cell [7]. Dynein is a homodimer protein

[1], composed of two heavy chains (HCs), each 530 kDa, two light intermediate chains
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(LICs), each 74 kDa, four intermediate chains (IC) with weight varying between 53 kDa and
59 kDa each, and six light chains (LCs), each 10-14 kDa [11]. The heavy chain of dynein
consists of the tail, the linker, the hexameric head, the buttress, the stalk domains, and the
microtubule- binding domain (MTBD) [12,13]. The N-terminus of dynein, representing
approximately one-third of the 530 kDa heavy chain, constitutes the tail and the linker
[1,14] (Figure 2.1).

The tail of the heavy chain of dynein represents the site for cargo binding, where
the dimerization of both monomers occurs [1]. The tail also binds to the LICs and ICs [1,5].
The linker domain follows the tail and is thought to be involved in a force-generating
process as its position changes upon binding of ATP, resulting in the motility of dynein
[1]. The stalk of ~10-15 nm in length is attached to the MTBD at the C-terminus [15]. It is
linked to and supported by the buttress [1] (Figure 2.1A).

The head or motor domain of dynein is comprised of six AAA+ subunits, four of
which (AAAL to AAA4) possess a nucleotide-binding site at the interface between one
subdomain and the subsequent subdomain; the AAAL nucleotide-binding site is enclosed
between the AAAL and AAA2 subdomains [1,12]. Three of the four binding sites, AAA1L,
AAA3, and AAA4, present the ability to hydrolyze ATP [1,12]. Each of the six AAA+
subdomains encompasses a small and a large subunit linked by a flexible unfolded segment

[1] (Figures 2.1B and 2.2B).
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Figure 2.1: The multidomain structure of cytoplasmic dynein. (A) Schematic
representation of the homodimer cytoplasmic dynein. For simplicity, only one monomer is
labeled. The homodimer represents two heavy chains, two LICs, four ICs, and six LCs.
Each set of the two heavy chains consists of a tail, a linker, a hexameric head, a buttress, a
stalk, and an MTBD. The figures (e.g., the LCs, ICs, and LICs) are schematic. They do not
represent their actual shape. (B) Schematic representation of the heavy chain of
cytoplasmic dynein in its post-powerstroke conformation, with the linker straight and
positioned on AAA4 near the stalk. The hexameric head represents the six AAA+

subunits with small (AAA + S) and large (AAA + L) subunits.
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Figure 2.2: Composition of the AAA+ subdomains. (A) The AAAL nucleotide-binding
site composed of the small (AAA1S) and large (AAA1L) subunits of AAAL and the
prominent (AAA2L) subunit of AAA2. ATP motifs are represented: walker-A (W-A),
walker-B (W-B), sensor | (the S-1), sensor Il (the S-11) in AAAL, and arginine finger (Arg-
F) in AAA2. (B) Hexameric head of cytoplasmic dynein. (C) The AAA3 nucleotide-
binding site composed of its small (AAA3S) and large (AAA3L) subunits and the large
subunit of AAA4. ATP motifs are represented as the walker-A (W-A), the walker-B (W-
B), the sensor | (the S-1), the sensor 11 (the S-11) in AAA3, and the arginine finger (Arg-F)

in AAA4.

AAAL is the primary site of ATP hydrolysis in cytoplasmic dynein [1] since hydrolysis
of ATP at this site is critical for dynein motility [16] and conserved in the dynein family
[1]. AAA3 is the second major site of ATP hydrolysis [1], as mutation of K2675T in the
D. discoideum species reduced ATPase activity of dynein by approximately 20-fold [16].
The nucleotide-binding sites of cytoplasmic dynein, similar to other AAA+ family

members, display the following ATP motifs: the walker-A (GXXXGK) or P-loop, the
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walker-B (catalytic Asp and Glu), the S-1 (Asn), the S-11 (Arg), an arginine finger (Arg),

and directly interacting amino acids with the nucleotide base [1,7] (Figures 2.2 and 2.3).
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0%-0-P0-P-0 < | ) 8-Po-po_ ¢ 1 OPNHPOPO )
s &0 ¢ LoN 3o & w N
OHOH OHOH OHOH
ATP ADP AMP-PNP

B 1974
R1971
11770
\9 1.1970

L1769 V AMP-PNP g

HO H: ,jé\/

G1799

R2209

Figure 2.3: (A) The chemical structures of ATP, ADP, and AMPPNP, (B) AMPPNP in the
ball-and-stick representation (green) interacts with amino acids in the AAA1 binding site

of cytoplasmic dynein 1. Color code: AAAL in cyan blue and AAA2 in sharp pink.

Considering the vital role of the heavy chain defects in causing some of the significant
NDDs [11] and the gigantic size of dynein (~1.2 MDa), small-molecule inhibitors are
suitable means to examine how the function of the dynein motor domain could be regulated

or inhibited. Therefore, this structure—activity 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 regulatory or inhibitory [6] mechanisms concerning the function of the motor
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
structure in vitro, in silico methods in the presented work were utilized to address some of

the current shortcomings.
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2.2. Materials and Methods

2.2.1. Structure of Dynein Motor Subdomains
Three crystal structures of the motor domain of cytoplasmic dynein 1, including the
linker, are available in the Protein Data Bank (PDB) [17]. The three crystal structures studied
here are motor domains of Dictyostelium motor ADP (3VKG) [18] from Dictyostelium
discoideum, as well as yeast motor apo, no ATP-bound (4AKG) [19] and yeast motor
AMPPNP (4W8F) [20], both from Saccharomyces cerevisiae. The crystal structures were
selected on the basis of their resolution, the conformation of the AAAL binding site, and
the nucleotide substrate in the binding site. Due to the complexity of the cytoplasmic
dynein structure, the resolution of the crystal structures is low, as it ranges from 2.41 A
(Dictyostelium motor ADP (3VKG) [18]) to 3.54 A (yeast motor AMPPNP (4W8F) [20]);
however, they are the highest-quality structures of the domain currently available from

the Protein Data Bank (Table 21).
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Table 2.1: Summary of the features of the crystallographically solved structures of

dynein used in this study.

PDB Uniprot  Species Resol  Exp. Nucleotide  Missing residues  Released
code code ution pH Binding date
(A) Domain
4AKG  P36022 Saccharomyces 3.30 5.6 AAAl 2944-2959 2012-03-14
cerevisiae (apo), (AAA4) and 3658-
AAA2 3669 (AAAS-
(ATP), AAABG)
AAA3
(ADP)
4W8F P36022 Saccharomyces 3.54 8.0 AMP-PNP  2025-2029 2014-11-12
cerevisiae in AAAL, (AAAL-AAA2),
AAA2, 2950-
AAA3and  2953(AAA4),
AAA4 3659-3668
(AAA5-AAAB)
3VKG  P34036 Dictyostelium 281 7.0 ADP in 2061-2063 2012-03-14
discoideum AAAL, (AAAL), 2454-
AAA2, 2488 (AAA2),
AAA3and  3212-3215
AAA4 (AAA4), 3699-

3703 (AAAB),
3725-3758
(AAAS5), 4114-

4115 (AAAG)
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The hexameric head from the Dictyostelium motor ADP [18] crystal structure
accommodates one ADP molecule in the AAAL, AAA2, AAA3, and AAA4 subunits
(3VKG) [18]. The hexameric head from the yeast motor AMPPNP crystal structure (4W8F)
[20] possesses an AMPPNP molecule in each of the subunits. The yeast motor apo crystal
structure (4AKG) [19] presents the AAAL binding site in its unliganded state, whereas an
ATP is found in the AAA2 and an ADP in the AAA3 binding site (4AKG) [19]. The three
crystal structures have their linker in the post-powerstroke conformation. The linker is
straight in the Dictyostelium motor ADP [18] crystal structure (3VKG) [18], spanning the
AAAL to AAAS subunits. In comparison, the linker stretches from AAAL to AAA4 in the
yeast motor AMPPNP (4W8F) [20] and the yeast motor apo (4AKG) [19] crystal
structures. The AAAL binding sites of yeast motor AMPPNP [20] and Dictyostelium
motor ADP [18] are in holo states in their crystal structures, with AMPPNP and ADP

bound in each, respectively (Table 2.1).

2.2.2. Protein Structure Preparation
The accession codes of the three-dimensional structure of the motor domain of dynein
collected from the PDB platform are 4AKG [19] from S. cerevisiae (Uniprot P36022
[21]), 4WS8F [20] from S. cerevisiae (Uniprot P36022 [21]), and 3VKG [18] (Uniprot
P34036 [21]) from Dictyostelium Discoideum (Uniprot P34036 [21]) (Table 2.1).
The amino-acid sequences of the two species, S. cerevisiae (P36022) and D.

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 dynein of S. cerevisiae (P36022)
containing 4092 residues and D. Discoideum (P34036) containing 4730 residues.
According to the sequence alignment (Tyrl758-Val2273: S. cerevisiae and Tyr1936-
Leu2531: D. discoideum), there are 35% conserved residues within the AAAL and AAA2

subdomains of both species (Figure Al and Table 2.2).

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

between S. cerevisiae and D. discoideum.

Dynein Sequence Sequence similarity
(S. cerevisiae and D. Discoideum) identity (%0) (residues)
Entire amino acids sequence of 24.83% (1193) 1668

cytoplasmic dynein

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

The yeast motor AMPPNP crystal structure (4W8F) [20] was subjected to E1849Q
mutation to prevent ATP hydrolysis at the AAAL nucleotide-binding site [20]. The yeast
motor AMPPNP crystal structure was considered suitable for docking ATP competitive
inhibitors in the AAA1 nucleotide-binding site and corresponded to the conformation of

dynein before ATP hydrolysis [20]. The Dictyostelium motor ADP (3VKG) possesses a
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molecule of ADP in the AAA1 nucleotide-binding site corresponding to the configuration
succeeding ATP hydrolysis [18]. In contrast, the yeast motor apo (4AKG) pertains to
motor domain conformation with low-affinity nucleotides binding [19]. Thus, the yeast
motor AMPPNP conformation (4W8F) [20] was chosen over the Dictyostelium motor
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
4AWS8F [20] (i.e., Ala2025-Leu2029, Lys2950-Val2953, and Lys3659-Arg3668) were
modeled and completed on the basis of the primary structure of the cytoplasmic dynein
heavy chain of S. cerevisiae (P36022) (Table 2.1).

Fourteen residues from AAA1 and AAA2 subunits were located in the nucleotide-
binding site. They consisted of the W-A or the P-loop region GPAGTGKT [4,7,18]
(Gly1796— Thr1803 in S. cerevisiae and Gly1974-Thr1980 in D. discoideum), the W-B
region [4,7,18] (Aspl848 and Glul849 in S. cerevisiae compared to Asp2026 and
Glu2027 in D. discoideum), the S-1[4,7,18] (Asn1899 in S. cerevisiae and Asn2078 in D.
discoideum), the S-11 (Arg1971 in S. cerevisiae and Arg2150 in D. discoideum), the Arg
finger (Arg2209 in S. cerevisiae and Arg2410 in D. discoideum) [4,7,18], and the N-
loop [4,7,18] (Leul769 and 1le1770 in S. cerevisiae compared to Leul947 and Val1948

in D. discoideum) (Table 2.3).
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Table 2.2: The ATP motifs in S. cerevisiae and D. discoideum.

ATP Motifs S. cerevisiae D. discoideum
Walker-A Gly1796-Thr1803 Gly1974-Thr1980
Walker-B Aspl1848-Glul1849 Asp2026-Glu2027
Sensor | Asn1899 Asn2078

Sensor 11 Argl971 Arg2150

Arg finger Arg2209 Arg2410

N-loop Leul769-11e1770 Leul947-Val1948

The retrieved X-ray crystal structure (4W8F) [20] was truncated to keep the required
domains potentially affecting the nucleotide-binding 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 (AAA1-AAA4:
Tyrl758-Val2984 and AAAS-AAAG: Leu3370-Asn3970), the linker subunit (within the
tail: Gly1363-GIn1757), and a part of the stalk (11e2993-Ser3125) interacting with the
hexameric head. GROMACS [24] package (v. 2016.5, University of Groningen Royal
Institute of Technology, Groningen, The Netherlands & Uppsala, Sweden) with the Gromos
96 force field 54A7 [25], was utilized for generating topology of protein atoms and energy

minimization in vacuo to optimize bond lengths, angles, and orientation of the residues in

the protein structure before docking any ligands.
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2.2.3. Ligands 3D Structure Preparation
The AMPPNP’s atomic coordination at the AAA1 site (4W8F) [20] was used as the
reference. The binding site region was specified at a 15.0 A radius spherical region around
the reference structure as the center, covering an extra 2.0 A broader region than that
occupied by the AMPPNP interacting amino acids in the binding site of the AAA1 domain
of cytoplasmic dynein 1 (Figure 2.3).

A library of 63 ligands (i.e., a chemical toolkit in this study) was created using
SYBYL- X 2.1.1 (Certara Corporation©, St. Louis, MO, USA). Three-dimensional
structures of the ligands were built up individually and minimized stepwise using the
steepest descent algorithm according to the Tripos force field, with 0.0001 kJ/mol
energy gradient and 10,000,000 iterations. The library contained previously synthesized
and in vitro studied 46 analogues of ciliobrevin [10] and dynapyrazole A and B [26], as
well as the protonated forms of the lead compounds ciliobrevin A and D and
dynapyrazole A and B modeled in silico. It also included the nucleotides ATP, ADP, and

AMPPNP, a nonhydrolyzable analogue of ATP (Figures 2.3-2.5).
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Figure 2.4: Chemical structures of ciliobrevin A and D, dynapyrazole A and B, and their
protonated structures in the ligand library. Ciliobrevin A and D are analogues 1 and 2,
respectively. Chemical structures and atom numbering were obtained utilizing Chemdraw

software (v.19.1).
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ATP and ADP are the endogenous substrates of dynein 1 [1]. Since the crystal structure
of yeast motor AMPPNP did not possess ATP or ADP in any of the four nucleotide-binding
sites (AAA1-AAA4), the endogenous substrates were docked into the AAAL binding site
to study their binding mode and quantify the magnitude of their binding affinity versus
that of each ligand in the library. The deprotonated forms of ATP, ADP and AMPPNP,
were based on the ATP pKa values [27]. The pH was 8.0 during the crystallization of the
yeast motor AMPPNP(4W8F) [20], and the pKa of y-phosphate is approximately 6.49
[27]. In comparison, the pKa of the a- and -phosphates of ATP is estimated at ~1.6 [27].
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 built up and energetically minimized.
The pKa of the inhibitors has not yet been experimentally defined. A study on the different
components of the ligands’ chemical structures helped to study the effect of the most
probable protonation states on their binding affinity. The pKa of arylamine groups, existing
in the structures of the ligands, varies between 9-10 [28], meaning that, at the physiological
pH, an arylamine (i.e., consisting of the N9 atom of dynapyrazole A and B, ciliobrevin A
and D, and their analogues) could be protonated. It is noteworthy that the lone-pair
electrons of the N7, N9, and N11 in dynapyrazole A and B could be involved in delocalized
electronic systems of A, B, and C fragments, reducing the availability of the lone-pair
electrons for protonation. Furthermore, the pKa of the quinazoline-4(3H)-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 oxygen. Thus, the moiety is

more likely to be deprotonated at the physiological pH (Figure 24).
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FlexX [30,31] docking software, embedded in the LeadIT software package (v.2.1.8,
BioSolvelT, Sankt. Augustin, Germany), was utilized for ligand—protein binding mode
predictions, energy estimation, and ranking the solutions. It predicts the ligand—protein
interactions on the basis of the incremental construction algorithm [32]. There are three
fundamental stages to the FlexX docking algorithm: selecting a base fragment, placing the
base fragments into the binding site, and incrementally constructing the complex,
followed by calculating the interaction energies according to the Béhm scoring function

for ranking the docking solutions [33,34].
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2.3. Results and Discussion

2.3.1. Dynapyrazole, Ciliobrevin, and Their Analogues
In vitro and in vivo studies of ciliobrevin A and D, the two ATP-competitive ligands, have
shown that they nonselectively bind to the ATP-binding sites of the hexameric head of
both cytoplasmic dynein 1 and dynein 2 [7,10]. Dynapyrazole A and B resulted from a
chemical structure modification to produce ciliobrevin analogues with higher potency [26]
to overcome geometric isomerization complexity caused by the C8-C11 double bond in
ciliobrevin (Figure 2.4).

Unlike the ciliobrevin analogues, which abrogate both MT-stimulated and basal
ATPase activity, dynapyrazole analogues inhibit MT-stimulated ATPase activity with high
potency without affecting basal ATPase activity [26]. This feature resembles Shel, a
microtubule-associated protein (MAP) that effectively reduces MT-stimulated ATPase
activity without significantly decreasing its basal activity [35]. Experiments have shown
that ciliobrevin A and D, which bind to AAA1, might bind to the AAA3 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 ciliobrevin A and D
were proposed to have potentially higher selectivity and potency than ciliobrevin A
against dynein 2 [7]. However, only the 1C50 values of four analogues (i.e., 18, 37, 43,

and 47) against dynein 1 and 2 were reported [7] (Figure 2.5 and Table 2.4).
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Table 2.3: 1C50 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 1Cs0 (LM) 1Cs0 (LM)
Dynein 1 Dynein 2

Ciliobrevin A 52.0 55.0
Ciliobrevin D 15.0 155
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 1C50 of dynapyrazole B against dynein 1 is not available.

2.3.2. Binding Studies of Dynapyrazole, Ciliobrevin, and Their Analogues

Docking of the AMPPNP, 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 (—22.06 kJ/mol). The ligand interacted with the N-loop
(Prol766-Leul774) via residues Leul769 and I1le1770, the W-A region (Gly1799-
Thr1803), the P6 strand including the S-1 motif (Alal893-Asn1899) via Asn1899,
11e1929 from H5 (Ser1926-11€1936), and Leul970 and Lys1974 from the H7 (Leul970-

Pro1982) (Figure 26C-D, Figure Al, and Table 2.5).
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Figure 2.6: AMPPNP in the AAAL binding site of dynein. (A) The linker and the AAAL
and AAAZ2 subunits of dynein and illustration of their inter-subunit binding site. (B)
Docking solution of the minimized AMPPNP in the AAAL binding site of the minimized
conformation from the yeast motor AMPPNP crystal structure (4W8F). The docking
solution is in stick representation, while the crystal structure of AMPPNP is in ball-and-
stick representation. (C) The energy-minimized AMPPNP in the AAAL binding site of the
energy-minimized structure of yeast motor AMPPNP (4W8F) superimposed with the
docking solution of the reference ligand, AMPPNP, from the crystal structure. (D) Crystal
structure of AMPPNP docked in the AAAL binding site of the crystal structure of yeast
motor AMPPNP (4W8F). The calculated conformation (black-gray) in ball-and-stick
representations and the crystal structure of AMPPNP (reference, green ball-and-stick

representation). Nonessential hydrogen atoms are not shown for simplicity.
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Table 2.4: Binding properties of the nucleotides’ conformation obtained from the in

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, 11e1770, Gly1799, Gly1801, Lys1802,
Thrl803, Glu1804, Asn1899, 111929, Leul970,
Lys1974
AMP-PNP 4.75 -40.18 Glul767, Gly1799, Gly1801, Lys1802,
minimized Thr1803, Glul804, GIn1849, Asn1899,
structure Lys1974
Minimized — -42.33 Alal798, Gly1799, Thr1800, GIn1849,
ATP Asn1851, Argl852, Asn1899, Argl971
Minimized — -31.89 Alal798, Gly1799, Thr1800, Aspl848,
ADP GIn1849, Arg1852, Asn1899, Arg1971

Superposition of the domain crystal structures showed that the W-A region (Gly1796—

Thr1803) in the yeast motor apo (4AKG) [19] is ~7.0 A away from the W-A in the yeast

motor AMPPNP (4W8F) [20]. The W-A region (Gly1974-Thr1980 in D. discoideum and
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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 H5 (Ser1926-11e1936) of
AAAL in the yeast motor apo (4AKG) [19] crystal structure shifts by ~3.8 A from the
position of the equivalent helix in the yeast motor AMPPNP (4W8F) [20]. The H5 helices
(Arg2105-Tyr2114 in D. discoideum and Ser1926-11e1936 in S. cerevisiae) in the
Dictyostelium motor ADP (3VKG) [18] and in the yeast motor AMPPNP (4W8F) [20] are
~1.3 A apart, similar to the H7 (Leul970-Pro1982) of AAAL in the yeast motor
AMPPNP (4W8F) [20] and yeast motor apo (4AKG) [19] at a ~3.9 A distance. There is a
~2.0 A distance between the H7 helices (Gly2148-Lys2165 in D. discoideum and
Leul970-Pro1982 in S. cerevisiae) of the Dictyostelium motor ADP (3VKG) [18] and
yeast motor AMPPNP (4W8F) [20]. The displacements of the domain segments (i.e.,
yeast motor AMPPNP [20], yeast motor apo [19], and Dictyostelium-motor- ADP [18])
imply that AMPPNP binding caused an “induced fit”-driven conformational change in the
binding site (Figures A2 and A3).

The docked AMPPNP conformation obtained from its energy minimization (—40.18
kJ/mol) had 4.75 A RMSD due to the optimization of the bond lengths and angles
according to the implemented force-field parameters. Similar to the reference ligand, the
conformation of the docked, energy-minimized (i.e., the optimized) structure of AMPPNP
interacted with ATP motifs [4,7]. However, the orientation of the aromatic nucleotide
fragment of the energy minimized AMPPNP allowed the system to engage with positively
charged Lys1974 of the H7 (Leul970-Pro1982) via polar ionic interactions, which is not
possible for the ligand with the conformation seen in the crystal structure. Unlike the latter,

the amine group of the optimized conformation engaged in H-bond interactions with the
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carboxylate group of Glu1767 (N-loop: Prol1766—Leul774), and its y-phosphate created an
H-bond with GIn1849 (E1849Q) (Figure 2.6B—C, Tables 2.3 and 2.5).

The energy-minimized ATP’s binding energy is lower than that of AMPPNP, which
suggests ATP binds more strongly to cytoplasmic dynein 1 than AMPPNP (—42.33 kJ/mol
vs. —40.18 kJ/mol). The ATP’s binding mode obtained after the conformational search
displayed its interaction with Alal798, Gly1799, and Thrl1800 from the W-A region
(Gly1796— Thr1803), GIn1849 from the W-B motif in 3 (Alal1843—Asp1848), Asn1851
and Argl852, between B3 (Alal843—Asp1848) and H3 (Glul854—-Val1874), with the S-I
(Asn1899 in B6: Alal1893—Asn1899), and Arg1971 from H7 (Leul970-Pro1982) (Figure
2.7B, Tables 2.3 and 2.5).

The ADP’s binding energy was —31.89 kJ/mol, which was the highest among the
nucleotides (ATP with —42.33 kJ/mol and AMPPNP with —40.18 kJ/mol), thus presenting
the lowest affinity toward the AAAL binding site (Figure 2.7C and Table 25).

2.3.3. Ciliobrevin A and D

The calculated conformation of ciliobrevin A (binding energy —26.23 kJ/mol) had a
stronger affinity than ciliobrevin D (binding energy —23.92 kJ/mol). Ciliobrevin A (1C50 of
52.0 uM [26]) had a lower potency than the D analogue (IC50 of 15.0 uM [26]).
Ciliobrevin A and D both displayed weaker binding affinity than ATP (—42.33 kJ/mol),
AMPPNP (—40.18 kJ/mol), and ADP (—31.89 kJ/mol) (Figure 2.4 and Tables 2.5 and
2.6).

The 021 atom of ciliobrevin A was involved in a ~2.1 A hydrogen bond (H-bond). In

contrast, the 021 of ciliobrevin D formed a ~1.8 A H-bond with Lys1802 (the W-A motif,

69



Gly1796-Thr1803); the positively charged ammonium fragment of Lys1802 usually
contributes to the stabilization of the negatively charged ATP y-phosphate [37]. The 022
of ciliobrevin A and D engaged in an H-bond with the side-chain of Asn1899 S-I motif of
the P6 (Ala1893—-Asn1899) at a ~1.3 A-1.4 A distance. The S-I is involved in placing a
water molecule near the y-phosphate of ATP and the negative charge of Glu1849 of the
W-B motif, thereby facilitating a nucleophilic attack for hydrolyzation [37]. The 022 in
ciliobrevin A and D also formed an H-bond (~1.8 A and ~1.9 A, respectively) with
GIn1849 (in E1849Q mutant). In the wild-type dynein, Glul849 is responsible for
activating a water molecule placed by the S-1 (Asn1899 in yeast dynein 1) to trigger the
network mechanism of ATP hydrolysis [37]. Therefore, the E1849Q mutation in the yeast
motor AMPPNP crystal structure represents a conformation incapable of ATP hydrolysis
[20]. In the in silico conformational search that the mutant of dynein was studied,
GIn1849 showed interactions with ciliobrevin A and D via H-bond formation. The N9
atom of the ligands interacted with the hydroxyl group of Thr1803 of the W-A motif
(Gly1796-Thr1803) through a 2.8 A H-bond in ciliobrevin A and a 2.9 A H-bond in
ciliobrevin D, while Thr1803 usually participates in the stabilization of the ATP v-
phosphate [37]. Thus, by interacting with Thr1803, ciliobrevin A and D could block the
activity of the subsites, which otherwise would be involved in the hydrolytic reaction on
the ATP (Figures 2.4 and 2.8).

The cyanide (CN) moiety of ciliobrevin A formed an H-bond (~2.5 A) with Thr1897
of B6 (Alal893-Asn1899). The CN was involved with the hydroxyl (OH) moiety of
Thr1897 in ciliobrevin D (at ~2.8 A distance). It is noteworthy that Thr1897 does not

belong to the ATP motifs, nor did it show any interactions in the in silico docking solutions
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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 critical ATP motifs, namely, the W-A and the S-I. Aliphatic
chains of the W-A (by Gly1799, Lys1802), the S-1 (by Asn1899), and the W-B motifs (by
Aspl1848 and GIn1849) were involved in van der Waals (VdW) interactions with the
hydrophobic fragments of ciliobrevin A and ciliobrevin D. This suggests how ciliobrevin
A and D’s effects as ATP antagonists, on the ATP motifs and Thr1897, could disturb the
activity of the motor domain by blocking the catalytic residues’ action (Figure 2.8 and

Table 2.3).
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Figure 2.7: (A) The linker and the AAA1 and AAA2 subunits of dynein and illustration
of their inter-subunit binding site. Binding interactions of docking solutions of (B) ATP

(orange) and (C) ADP (yellow) compared to AMPPNP (green) at the AAAL 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, Aspl1848,
N9 protonated GIn1849, Thr1897, Asn1899, Arg1971
CiliobrevinA  -26.23 Gly1801, Lys1802, Thr1803, Glu1804, Aspl1848,

GIn1849, Thr1897, Asn1899

Ciliobrevin D -26.15 Lys1802, Thr1803, Glul804, Asp1848, GIn1849,
N9 protonated Thr1897, Asn1899
Ciliobrevin D -23.92 Gly1801, Lys1802, Thrl803, Glul804, Aspl1848,

GIn1849, Thr1897, Asn1899

Ciliobrevin A -23.84 Gly1799, Thr1800, Gly1801, Lys1802, Thr1803,
N7 protonated Glu1804, Leu1970, Arg1971
Ciliobrevin D -23.55 Gly1801, Lys1802, Thr1803, Glul804, Aspl848,
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. (C)
Ciliobrevin A and ciliobrevin D superimposed. (D) Ciliobrevin D and (E) Ciliobrevin D

superimposed on ATP.
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2.3.4. The Analogues Binding Profile
Analogue 30 showed the best affinity, along with analogues 29 and 28 (the lowest energy
—27.87 kJ/mol vs. respective —27.37 kJ/mol and —27.27 kJ/mol). The O21 in analogues
28, 29, and 30 was involved in an H-bond with the polar H of the amide bond moiety of
Gly1801 in the ATP motif, the W-A (Gly1796-Thr1803). Furthermore, their N9 atom
formed an H-bond with the OH moiety of Thr1803 of 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 H-bond formation with the OH of Thr1897 in the 6. The side-chains of
Asn1899 in the S-I and GIn1849 of the W-B motif also created an H-bond with the 022
of the analogues. The hydrocarbon chains of Gly1799 and Lys1802 in the W-A motif, as
well as Asp1848 and GIn1849 of the W-B motif, hydrophobically interacted with the C8
of quinazolinone ring B and the acrylonitrile moiety. Thus, analogues 28-30 engaged with
ATP motifs and the B6, through which they could hinder the motor domain’s natural

function (Figures 2.5 and 2.9, Table Al).
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Figure 2.9: Analogues of ciliobrevin at the AAAL binding site of dynein 1. (A) Analogue
30. (B) Analogue 30 superimposed on ATP. (C) Analogue 29. (D) Analogue 29
superimposed on ATP. (E) Analogue 28. (F) Analogue 28 superimposed on ATP.
Superimposition of (G) analogues 29 and 30, (H) analogues 30 and 28, and (l) analogues

28 and 29.
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Chemical modifications resulting in analogue 45 showed its improved binding affinity
versus analogues 28-30, 38, and 42, as well as ciliobrevin A and D. However, the
similarity in their binding profiles showed that they could comparably compete with ATP
for binding to the functional motifs in the AAAL nucleotide-binding site. The analogues’
021 atom formed an H-bond with the polar H of the Gly1801 in the W-A motif, and their
N9 atom formed an H-bond with the OH of Thr1803 in the same ATP motif. There was
also an H- bond between the 022 and Asn1899 of the S-1 and GIn1849 of the W-B. Similar
to analogues 28-30, the CN moiety of analogue 42 formed an H-bond with Thr1897 of
the p6. Thr1897, which does not belong to the ATP motifs, also interacted with ciliobrevin
A and D, as well as analogues 45, 30, 42, 29, 28, and 38. The OH of Thrl897 was
involved with GIn1849 (in the W-B motif), known for its connection with water molecules
to promote ATP hydrolysis. In analogue 38, the CN was replaced with a methoxy (-OMe)
moiety. The O34 of the methoxy group interacted with Lys1974 via a 2.2 A H-bond. The
benzene ring was replaced with pyridine in analogue 45, whose N31 atom formed a 2.1 A
H-bond with Lys1974 in the H7 helix (Leu1970-Pro1982). The Lys1974 positive charge
could potentially form a dipole-induced moment with the pyridine ring of analogue 45,
although the positively charged amino acid is not perpendicular to the ring (Table A2,
Table 2.3 and Figure A6).

The analogues of ciliobrevin (i.e., ciliobrevin A and D, as well as analogues 28, 29,
30, 38, 42, and 45) affect the ATP hydrolysis process also through binding to Asn1899 (in
the S-1), which usually forms an H-bond with and positions water molecules for the
nucleophilic substitution [37]. A conserved Asn residue (e.g., Asn64 in PspF, a member

of the AAA+ proteins [38]) is involved in an H-bond formation with the conserved Glu
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from the W-B motif (Glu108 in PspF of AAA+ proteins [38]) found at the AAAL binding
site of several dyneins [37]. Through the interactions of an ATP competitive inhibitor with
the Glu or the Asn, the Asn (Asn64 in PspF [38]) cannot contribute to the ATP hydrolysis,
as the glutamate residue of the W-B motif (Glu108 in PspF [38]) is unavailable to activate
a water molecule through deprotonation [37]. The process is referred to as a “glutamate
switch” and is thought to be an endogenous mechanism that regulates ATP hydrolysis in
dynein to evade a nonproductive powerstroke [37]. H-bond formations of Asn1899 with
ciliobrevin A and D, as well as its analogues, could disrupt the “switch” mechanism and,
therefore, interfere with the regulation of the dynein powerstroke progression. The
glutamate switch involving Glu108 in PspF [38] has not yet been detected in cytoplasmic
dynein 1. The Asn residue involved in the “glutamate switch” is replaced with a cysteine
(Cys1822 in S. cerevisiae) in the dynein 1 isoform [37]. However, an intramolecular H-
bond of 2.1 A between the side-chains of GIn1849 (E1849Q) and Arg1852 was visualized
in the optimized (i.e., energy-minimized) structure of yeast motor AMPPNP dynein
obtained through an in 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 H-bond formation, where an arginine in place of the
asparagine could interact with the glutamate to execute the “switch” mechanism in dynein
1 (Figure A7).
2.3.5. Geometrical Isomerization Effect on Ciliobrevin Binding to the AAA1

Ciliobrevin A and D exist in two geometric isomers of E or Z at the C8—C11 double bond
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[10]. The potency of the ciliobrevin was thought to be affected by isomerization, where
there is only a fraction of the isomer abrogating dynein [4]. The benzoylacrylonitrile group
of the molecule favors the E isomer since the one-dimensional NMR spectrum and the
result of a 2D nuclear Overhauser effect spectroscopy (NOESY) of ciliobrevin D showed
an intramolecular H-bond between the hydrogen atom on the N7 and the O22 that stabilizes
ciliobrevin D in solution [26]. The N7 is directly attached to the C8, and the 022 relates to
the C11 via the double bond to the C13, which is covalently attached to the C11 (Figure
2.5 and Figure A8).

Ciliobrevin A: The effect of geometrical isomerization of ciliobrevin A was investigated,
where its Z isomer showed binding with 6.82 kJ/mol higher energy than the E isomer
(—26.23 kJ/mol). The 022 atom of the Z isomer engaged in a 1.9 A H-bond with the side-
chain of the S-1, through Asn1899 in B6 (Ala1893—Asn1899), and a 2.7 A H-bond with 3
(Alal843-Asp1848) of the W-B via GIn1849. The Z isomer did not interact with Thr1897
of the B6 (Ala1893—-Asn1899), unlike the E isomer of ciliobrevin A. On the other hand,
its CN moiety formed an H-bond with the S-1I ATP motif through Arg1971 of the H7
helix (Leu1970-Pro1982). The N9 atom of the Z isomer was involved in a 2.2 A H-bond
with the carboxylate moiety of Asp1848 from (3 (Alal843—-Asp1848), and its O21 atom
also formed a 2.2 A H-bond with the amino group of Asn1821 in the B2 strand (Val1818—
Asn1821). Ring A of the Z isomer oriented to form a m—n stacking with the guanidine
moiety of Argl852, a key element in the “glutamate switch” in dynein 1, as observed in
the conformation obtained in this in silico conformational search. The binding energies of
the E and Z isomers of ciliobrevin A indicated that the E is favorable over the Z isomer, as

the former displayed a significantly higher binding affinity toward the AAA1 binding site
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(Figure 2.10A-B and Table A3).

Z isomer of

ciliobrevin A

| ~

Figure 2.10: (A) Z isomer of ciliobrevin A at the AAAL binding site of cytoplasmic
dynein 1. (B) Superimposition of Z and E isomers of ciliobrevin A. (C) E isomer of
ciliobrevin D at the AAA1 binding site of cytoplasmic dynein 1. (D) E isomer of

ciliobrevin D superimposed on its Z isomer. (E) Z analogue 22 and the residues at the
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AAAL binding site of AAAL. (F) Z analogue 22 superimposed on its E isomer at the

AAAL1 binding site.

Ciliobrevin D: The binding energy of its Z isomer, similar to ciliobrevin A, was also
higher than its E (—19.78 kJ/mol vs. —23.92 kJ/mol, respectively). The Z isomer utilized
its 022 atom to engage in an H-bond with the polar hydrogen of the Gly1799 amide moiety
in the W-A motif (Gly1796-Thr1803). The Z isomer’s CN group was available to form
H-bonds with Lys1802 (1.9 A) of the W-A motif, as well as Thr1803 (2.5 A) and
Glu1804 (2.3 A). The N9 of the Z isomer formed a weak H-bond with Arg 1971 in the H7
helix (Leul970-Pro1982). It is noteworthy that the Z isomer of ciliobrevin D did not
interact with the S-1 motif via Asn1899 (Figure 2.10C-D and Table A3).

The effect of the CN elimination from ciliobrevin A and its replacement with a methyl
group in analogue 22 [7] was examined through the study of its geometric isomers. The E
isomer became weaker than E-ciliobrevin A and D; however, it was slightly stronger than its
Z isomer (analogue 22 E isomer, —17.49 kJ/mol, versus —16.83 kJ/mol). The E was bound

to the AAAL site via H-bond with Lys1802. It also formed an H-bond via its N9 atom with

the carboxylate group of Glu1804. The Z isomer of analogue 22 displayed a ~180° rotation
in the binding site compared to its E isomer and ciliobrevin A and D. Its unique orientation
resulted in H-bonds with Alal798 and Argl1971 via its 022 atom. In addition, His1967
interacted with its ring D of the Z isomer through a T-shaped n—n stacking. Its ring A also
showed a similar conformation against Tyr1902, while the Pro1900 orientation facilitated a

proline-benzene VAW interaction via the ligand’s ring D (Figure 2.10F and Table A3).
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2.3.6. Dynapyrazole A and B
The 021 of dynapyrazole A and B formed H-bonds (~1.9 A) with the W-A peptide
backbones (Gly1796-Thr1803) via Lys1802 and the H1 helix (H1, Glu1804-Gly1810).

The H atom on the N9 in dynapyrazole A and B was involved in a 1.6 A H-bond with the

W-A via Thr1803, whose OH moiety typically interacts with an Mg2+ resulting in
stabilizing the charges on the ATP y-phosphate [37]. Thus, the ligands, which have a
slight binding difference (~0.32 kJ/mol), could similarly hinder the interaction between
the cation and the Thr. In addition, the CN moiety of dynapyrazole A and B formed H-
bonds with the B2 strand (Val1818-Asn1821) through Asn1821 (2.3 A), which was ~4.0 A
away from Asp1848, a member of the W-B motif in the B3 (Alal843-Asp1848). They
could indirectly affect dynein’s motility affecting the W-B’s Asp1848, a segment that

usually hosts ATP to undergo hydrolysis [4,37] (Figure 2.11 and Table A4).

2.3.7. Impact of Elimination of Carbon Double Bond on the Affinity of
Dynapyrazole and Analogues
Ciliobrevin’s derivatization led to the synthesis of dynapyrazole by eliminating the C8—
C11 double bond and inserting the ring C in dynapyrazole and its analogues [26]. The
process also consisted of replacing the 022 atom in ciliobrevin with the N11 in dynapyrazole
to improve its potency. That resulted in the IC50 plummeting from 15 uM (ciliobrevin D)
to 2.3 uM (dynapyrazole A) [26], whereas the binding strength of the former improved
by ~—5 kJ/mol (Figure 2.4 and Table 2.4, Tables A3 and A4).
The double bond in ciliobrevin A and D positionally allowed the E isomer to form H-

bonds both with Thr1897 of the p6 (Alal893-Asn1899) via the nitrogen of its CN moiety
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and with Asn1899 through its 022 atom. The energy contribution of this event could have
been the cause of the difference in the total binding strength, considering that the N11 of the
replaced ring C in dynapyrazole had no interaction with the AAAL binding site, in contrast
to the eliminated O22 in ciliobrevin. However, the CN nitrogen atom of dynapyrazole A
and B formed an H-bond with Asn1821 (Figure 2.11F).

Among the analogues 37, 43, and 47 of ciliobrevin possessing the double bond,
analogue 47 showed the lowest IC50 (130.0 uM [26]) and the strongest binding (—26.12
kJ/mol), whereas analogue 37 with the highest IC50 (280.0 uM [26]) had just 2.01 kJ/mol
higher binding energy than analogue 47. Analogue 47 is suggested as the most suitable
candidate for further in vitro and in vivo experimental evaluations for its effect on dynein

motility and its selectivity profile (Figure 2.12).
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Figure 2.11: Dynapyrazole in the nucleotide-binding site of the AAAL. (A) dynapyrazole

A. (B) Superimposition of dynapyrazole A and ATP. (C) Superimposition of dynapyrazole
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A and B. (D) Binding modes of dynapyrazole B. (E) Superimposition of dynapyrazole B

and ATP. (F) Superimposition of dynapyrazole A and ciliobrevin D.
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Figure 2.12: The ligands binding energy versus their IC50.

2.3.8. Protonation Effect on Ciliobrevin A and D Binding
Considering the pKa values of the chemical moieties of the inhibitors, as stated earlier, the
N9 and N7 might be weak candidates for protonation at the tissues with alkaline pH
(Figure 2.4, Figure A9, and Table 2.6).
Protonation of ciliobrevin A at the N9 position caused a ~—2.0 kJ/mol improvement
in binding strength, suggesting that ciliobrevin A might be protonated at 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
Alal798 of the W-A motif (Glyl796-Thr1803) through its benzylic ring D. The
protonated N9 atom was 2.6 A away from the carboxylate moiety of Asp1848 in the B3
(Alal1843-Asp1848), which could have also electrostatically affected the positively
charged N9 atom and contribute to the strengthening of ciliobrevin A binding affinity.

The protonated N9 of ciliobrevin D projected a similar binding profile to that of the
A analogue with enhanced binding compared to its neutral form (—23.92 kJ/mol vs.
—26.15 kJ/mol). Therefore, ciliobrevin D, protonated under a proper pH, had a superior

inhibitory effect on dynein 1 in vitro.

The protonated ciliobrevin A at the N7 was a weaker binder (~2.39 kJ/mol) compared
to its neutral structure (with —26.23 kJ/mol), suggesting that the ligand is less likely to be
protonated at the N7 position in solution, as the nitrogen atom’s lone-pair electrons tend to
participate in the delocalized electron cloud of the aromatic ring A.

Protonation of the N7 atom of ciliobrevin D had a minor effect on binding (0.37
kJ/mol), since protonated and unprotonated D analogues similarly treated the AAA1l
nucleotide site through Gly1801, Lys1802, Thr1803, Glul804, Aspl1848, GIn1849,
Thr1897, and Asn1899.

2.3.9. Effect of Protonation on Binding Mode of Dynapyrazole A and B
Protonation of dynapyrazole A at N9 resulted in a slight binding improvement (~—0.64
kJ/mol). This analogue was the only one in the library of 63 ligands to bind to the linker

domain of dynein. An ionic interaction was formed between the protonated N9 and the
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carboxylate group of Glu1586 in the T-turn 6 (Val1586—Glul588 of the linker), while its
021 formed an H-bond with the amide moiety of Prol1766 in the N-loop (Prol766—
Leul774). The aliphatic side-chains of Lys1696 and Glu1699 in the H13 of the linker
domain (Aspl692—Asnl1717) and Glul767 in the N-loop (Prol766-Leul774) 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 Arg1978 in the
H7 (Leul970-Pro1982) interacted with the monochloride benzylic ring D through polar
interactions. These observations elucidated the improvement of the total binding strength
of the N9-protonated dynapyrazole A.

Protonation of dynapyrazole A at N7 also benefited from protonation (~—8.72
kJ/mol). The considerable improvement indicated that the 1C50 in vitro better correlated
with the ligand’s protonated at the N7 position. It electrostatically interacted with the
negative charge of Glu1804 carboxylate in the H1 helix (Glu1804-Gly1810), while its N9
created an H-bond to the OH moiety of Thr1803 in the W-A (Gly1796-Thr1803). The data
showed that protonation at the N7 site was beneficial to the ligand (Figures 2.4 and 2.13

and Table A4).
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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 AAALl and AAA2 units, and linker domains. (B)
Dynapyrazole A protonated at the N9 atom interacting with the linker residues. (C)
Dynapyrazole A protonated at the N9 atom superimposed on dynapyrazole A. (D)
Overview of the AAAL1 and AAA2 units, and linker subdomains (as the panel A). (E)
Dynapyrazole A protonated at the N7 atom. (F) Dynapyrazole A protonated at the N7
atom superimposed on dynapyrazole A. (G) Dynapyrazole A protonated at the N11

atom. (H) Dynapyrazole A protonated at the N11 atom superimposed on dynapyrazole A.
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Protonation of N11 in dynapyrazole A caused slight weakness of the binding (0.27
kJ/mol) compared to its neutral form due to a minor difference of the interaction network
set up by the N11-protonated ligand. The protonated N11 atom showed no ionic
interactions. Dynapyrazole A in this configuration was the only analogue, among the
protonated and neutral dynapyrazole A and B, to interact with the 6 (via Asn1899) and
the B3 strand (via Asp1848 and GIn1849), resembling the binding mode of ciliobrevin and
itsanalogues.

Protonation of dynapyrazole B at N11 also had an insignificant effect on its binding
(~0.62 kJ/mol), similar to its protonated A analogue. It had the lowest predicted affinity
toward the AAAL subunit in the ligands library and involved Val1819 through VdW forces
via its ring D. In summary, protonation at the N11 was disadvantageous to dynapyrazole
A and B and weakened their binding affinities to the AAAL site (Figure 2.4, Figure

A10E-F, and Table A4).
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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 well as the
46 analogues, could inhibit ATP binding and its hydrolysis in the nucleotide-binding site of
the AAA1 subunit of the motor domain in cytoplasmic dynein 1. The lowest binding energy
of ATP among the 63 ligands of the library suggested its superior binding affinity over all
the competitive inhibitors. However, ciliobrevin A and D, as well as most of the
analogues could bind to the functionally key subsites, including the Sensor I and I1, N-loop,
and the W-A and B, also known as the ATP motifs; thus, optimizing the concentration of
the competitive inhibitors in vitro could result in blocking the AAAL nucleotide site in the
absence of ATP or its lower concentration. In particular, analogue 47 is suggested as the
most suitable candidate for further in vitro and in vivo experimental evaluations due to its
strong binding affinity and low IC50. The ligands’ structural mechanism of interference
with the ATP binding and hydrolysis was shown to vary depending on their critical
functional fragments. The presence of the carbonyl oxygen on ring B of the ligands, for
instance, in ciliobrevin D, resulted in its O21 atom forming an H-bond with the Lys1802
amine moiety in the W-A motif. The positively charged ammonium group of the Lys usually
acts as an anchor by applying electrostatic forces on the negatively charged y-phosphate,
thereby contributing to the catalytic network for ATP hydrolysis. At the same time, the
022 of the ligand formed an H-bond with Asn1899 of the S-I motif in the p6 strand. The
S-1is involved in placing a water molecule near the y-phosphate of ATP and the negative
charge of Glul849 of the W-B motif and enables a water molecule for a nucleophilic

attack, required for the ATP hydrolyzation. The O22 also facilitated the ligand’s hydrogen
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bond formation with the GIn1849 in the Glu1849GIn protein mutant.

Eliminating the C8-C11 double from ciliobrevin, removing 022 and, replacing it
with the N11 by insertion of the ring C in dynapyrazole, resulted in the alteration of the
chemical structure, which lowered the 1C50 in dynapyrazole. However, the N11 of the
ring did not mimic the 022 effect and diminished dynapyrazole binding strength, despite
being at a relatively similar position in the ligand structure. Protonation at the N11 atom
did not enhance its contribution to the binding energy, as shown in a separate attempt.
However, dynapyrazole A benefited from the N7 and N9 atoms’ protonation according to
the improvement gained in their binding energy. The N9-protonated dynapyrazole A was
the only analogue in the ligand library to bind to the linker domain of dynein. The ligand
conformational pose and the consequent binding to the linker domain were facilitated by
the electrostatic interaction between the protonated N9 and the carboxylate group of
Glu1586 in the T-turn 6 of the linker and an H-bond with the amide moiety of Pro1766 in
the N-loop. The aliphatic side-chains of the H13 helix in the linker domain, as well as the
N-loop, interacted with the ligand hydrophobic sites, namely, the C8, the C12, and the C13
atoms. The observation explained the improvement of the total binding strength of the
N9-protonated dynapyrazole A against its unprotonated form.

There are two geometrical isomers E and Z of ciliobrevin, according to its C8-C11
double bond. The E isomer enabled H-bond formation of the ligand with the 6 via its
Thr1897 through the nitrogen of the ligand CN moiety and with Asn1899 via its 022 atom.
The Z isomer of the analogue D interacted with the W-A motif, showing no substantial
effect on the S-1 motif. In contrast, the Z isomer of ciliobrevin A interacted with the S-1

motif through Asn1899 of the f6 and the 3 strand, as well as with the W-B via GIn1849.
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Unlike its E isomer, the Z of ciliobrevin A showed no effect on Thr1897 of the 6.
However, its CN moiety caused an H-bond with the S-1I motif. Ring A, the benzene
moiety of the Z isomer, had a polar interaction with Arg1852 in a position suitable for a
n—7 stacking with the guanidine moiety of the arginine. It also appeared to contribute to
the “glutamate switch” mechanism in dynein 1. The binding energies of the geometric
isomers of ciliobrevin A and D indicated that the E had a significantly higher affinity than
the Z toward the AAAL binding site. Assessing the effect of geometrical isomerization on
analogue 22 resulted in the conformation of its isomers in two opposite orientations in the
binding site. This was likely due to the replacement of the CN moiety with a methyl group
in that particular analogue, causing a drastic change in the isomer binding modes.

The benzene ring replaced with a pyridine moiety in analogue 45 led to a polar
interaction with Lys1974. Analogue 45, similar to other pyridine-possessing analogues of
ciliobrevin (i.e., 28, 29, 30, 38, 42, and 45) could affect the ATP hydrolysis via binding to
Asn1899, a conserved residue of the S-1 motif that facilitates placing water molecules for
nucleophilic substitution in ATP hydrolysis.

The glutamate switch (involving Glu108 in PspF [38]) has not yet been detected in
cytoplasmic dynein 1; however, an intramolecular H-bond of 2.1 A between the side-
chains of GIn1849 (E1849Q) and Argl852 was detected in the most energetically
favorable conformation of the yeast motor domain through the in silico conformational
search. It exhibited a conformation with Arg1852 and GIn1849 in orientations capable of a
close and strong H-bond formation, suggesting that arginine could also interact with the
glutamate in regulating the “switch” mechanism in dynein 1.

New analogues of dynapyrazole, recently introduced by Santarossa et al., [36] were
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shown to be potent in inhibiting basal ATPase activity of dynein while binding to AAA3
and AAA4. The binding assessment of analogues 3—48 will be critical in evaluating their
inhibitory mode of action at the AAAS3 binding site, which is not conserved in axonemal
dynein and cytoplasmic dynein 2. This makes the AAA3 subunit a suitable target in the
future direction of this study. Utilizing the presented information can contribute to setting
up experiments with a focus on the most promising analogues for their selectivity to dynein
1 versus its second isoform. This research suggests avenues to improve the potency and
selectivity of the small-molecule inhibitors that could target cytoplasmic dynein’s activity

to treat neurodegenerative and cancer diseases.
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Summary

The first chapter of this research work explored the dual function of dynein and kinesin in
promoting viral proliferation and their essential contribution to the host cell’s immune
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
replication 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, the motor proteins are also involved in the immunological response of
the host cell to inhibit viral infection. Small-molecule inhibitors of kinesin (BTB-1) and

dynein (ciliobrevin) displayed the inhibitory activity of viral infection.

The second chapter of this thesis focused on studying the binding profile of small-
molecule inhibitors of dynein, ciliobrevin and its analogues, and dynapyrazole A and B.
The binding site of the chemical inhibitors was revealed through computational methods.
The effect of protonation on the inhibitors was discussed, and that of the isomerization of
ciliobrevin A. The careful analysis of data collected from this study helped to propose the
identity of a residue that could engage in the ‘glutamate switch’ mechanism, which had
not been observed in cytoplasmic dynein 1 yet through in vivo or in vitro experimental
structures of the protein. Thus, this work represents an assortment of valuable knowledge
that will contribute to a better understanding of the dynein mechanism 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 AAAL and AAA2 subunits of dynein
corresponding to S. cerevisiae (1758-2273) and D. discoideum (1936-2531) with the
ClustalW program. The W-A motif is highlighted in blue. The grey highlights represent
sequence similarity. A singular dot (. ) indicates that residues belong to a different group
of amino acids, while a colon ( : ) indicates that residues belong to the same group of

amino acids, and an asterisk ( * ) indicates sequence identity.
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Figure A2: (A) Structural alignment of the AAA1 and AAA2 of yeast-AMPPNP (4W8F)
and yeast-apo (4AKG). (B) A close-up of the AAAL binding site. Helices (HO, H1, H5,
and H7) of the AAAL subdomain, the Walker-A (W-A) loops with the AMP-PNP in the
ball and stick representation in green located at the AAAL nucleotide-binding site and the
H6 of the AAA2 subdomains of the yeast-AMPPNP (4W8F) and yeast-apo (4AKG).
Color code: yeast-AMPPNP (AAAL in green cyan and AAAZ2 in sharp pink) and yeast-

apo (AAAL in orange and AAA2 in yellow).
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Figure A3: (A) Structural alignment of the AAAl and AAA2 subunit of the
Dictyostelium-ADP (3VKG) and yeast-AMPPNP (4W8F). (B) A close-up of the AAAL
binding site. Helices (HO, H1, H5, and H7) of the AAAL subdomain, the Walker-A (W-
A) loops with the AMP-PNP in the ball and stick representation in green and ADP in the
ball and stick representation in yellow located at the AAAL nucleotide-binding site and
the H4 of the AAA2 subdomain of the Dictyostelium-ADP (3VKG) and the H6 of the
AAA2 subdomain of the yeast-apo (4AKG). (C) Structural alignment of ligands at the
AAA1L nucleotide-binding site of the Dictyostelium-ADP (3VKG) and yeast-AMPPNP
(4W8F) with AMP-PNP 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 AMP-PNP. Color code: Dictyostelium-ADP (AAAL in green and AAA2 in

blue) and yeast-AMPPNP (AAAL in green cyan and AAAZ2 in sharp pink).

104



7.8A
G179 12
., A1798

5 A" Rongo

Figure A4: (A) AMP-PNP interacting and residues of the AAA1 nucleotide-binding site.

Distances between catalytic residues of the AAAL nucleotide-binding site of dynein and

the B-phosphate of (B) AMP-PNP and (C) ADP.
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Figure A5: Annotation of the secondary structure of AAALl and AAA2 domains of

cytoplasmic dynein according to the 4W8F crystal structure retrieved from the PDB.
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Figure A6: Binding modes of ciliobrevin analogues at the AAAL binding site of dynein
1. (A) Analogue 45. (B) Analogue 45 superimposed on ATP. (C) Analogue 42, (D)
Analogue 42 superimposed on ATP. (E) Analogue 38. (F) Analogue 38 superimposed on
ATP. Superimposition of (G) Analogues 42 and 45, (H) Analogues 38 and 45, (1)

Analogues 38 and 42.
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Figure AT7: 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 hydrolysis. Sensor | (N1899), W-B (E1849Q), R-finger (R2209) play

catalytic roles during ATP hydrolysis.
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Figure A8: E and Z configurations of ciliobrevin D. Red arrows point to the double bond

between the C8 and C11 atoms.
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Figure A9: Binding modes of the protonated forms of ciliobrevin at the AAAL binding
site of dynein 1. (A) Ciliobrevin A protonated at the N9 atom. (B) Ciliobrevin A
protonated at the N9 atom superimposed on ciliobrevin A. (C) 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 atom. (F) Ciliobrevin D protonated at the N9
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atom superimposed on ciliobrevin D. (G) Ciliobrevin D protonated at the N7 atom. (H)

Ciliobrevin D protonated at the N7 atom superimposed on ciliobrevin D.
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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 atom. (B)
Dynapyrazole A protonated at the N7 atom superimposed on dynapyrazole B. (C)

Dynapyrazole B protonated at the N9 atom. (D) Dynapyrazole B protonated at the N9
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atom superimposed on dynapyrazole A. (E) Dynapyrazole B protonated at the N11 atom.

(F) Dynapyrazole B protonated at the N11 atom superimposed on dynapyrazole B.
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Table Al: Networking interactions of analogues 28, 29, and 30 with AAA1 of dynein 1.

Compound Binding Residues interacting with the compound
Energy
(kJ/mol)
Analogue 30 —27.87 Gly1801, Lys 1802, Thr1803, Glu1804, Asp1848,

GIn1849, Thr1897, Asn1899

Analogue 29 —27.37 Gly1801, Lys1802, Thr1803, Glul1804, Asp1848,
GIn1849, Thr1897, Asn1899

Analogue 28 —27.27 Gly1801, Lys1802, Thr1803, Glu1804, Asp1848,

GIn1849, Thr1897, Asn1899
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Table A2: Interacting amino acids with analogues 38, 42, and 45.

Compound Binding Residues interacting with the ligand
energy

(kJ/mol)

Analogue 45 —29.72 Gly1801, Lys1802, Thr1803, Glu1804, GIn1849, Thr1897,
Asn1899, Lys1974

Analogue 42 —27.43 Gly1801, Lys1802, Thr1803, Glu1804, GIn1849, Thr1897,
Asn1899, Lys1974, Gly1975, Arg1971

Analogue 38 —27.27 Gly1801, Lys1802, Thr1803, Glu1804, Asp1848, GIn1849,

Thr1897, Asn1899, Lys1974
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Table A3: The binding energy of E and Z isomers of ciliobrevin A and ciliobrevin D.

Compound Binding Residues interacting with the docked ligand
energy
(kJ/mol)
Ciliobrevin A —26.23 Gly1801, Lys1802, Thr1803, Glu1804, Asp1848,
E-isomer GIn1849, Thr1897, Asn1899
Ciliobrevin A -19.41 Thr1803, Asn1821, Asp1848, GIn1849, Arg 1852,
Z-isomer Asn1899, Argl852, Argl971
Ciliobrevin D —23.92 Gly1801, Lys1802, Thr1803, Glu1804, Asp1848,
E-isomer GIn1849, Thr1897, Asn1899
Ciliobrevin D —19.78 Gly1799, Thr1800, Gly1801, Lys1802, Thr1803,
Z-isomer Glu1804, Asp1848, GIn1849, Leul970, Arg1971,
Lys1974

E-Analogue 22 —16.83 Alal798, Gly1969, Tyr1902, Pro1900, Arg1971,
His1967
Z-Analogue 22 —17.49 Leul769, Gly1801, Lys1802, Glu1804, Leul970,

Lys1974
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Table A4: Interacting amino acids with dynapyrazole A and B in the protonated and

deprotonated states.

Compounds Binding Residues interacting with the compound
energy
(kJ/mol)
Dynapyrazole B —26.95 Gly1799, Thr1800, Gly1801, Lys1802, Thr1803,
N-7 protonated Glu 1804, Val1819, Asn1821, Leul970, Argl971
Dynapyrazole A —25.99 Gly1801, Lys1802, Thr1803, Glu1804, Asn1821

N-7protonated

Dynapyrazole A —-19.81 Glu1586, Lys1696, Glu1699, Pro1766, Glul767,
N-9 protonated Argl1978
Dynapyrazole B —18.49 Thr1800, Gly1801, Lys1802, Thr1803, Glu1804,

Asn1821, Leul970

Dynapyrazole B —18.47 Thr1800, Gly1801, Lys1802, Thr1803, Glu1804,
N-9 protonated Asnl1821, Aspl824, Aspl848, Lys1974
Dynapyrazole A  —18.17 Gly1801, Lys1802, Thr1803, Glu1804, Asn1821
Dynapyrazole A —17.49 Lys 1802, Thr1803, Glu1804, Asp1848, GIn1849,
N-11 protonated Asn1899

DynapyrazoleB  —17.13 Gly1801, Lys1802, Thr1803, Glu1804, Val1819,
N-11 protonated Asnl1821, Leul970
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