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Abstract

Kinesin is a motor protein that plays an important role in animal and plant cells. It
hydrolyzes ATP and moves along microtubules. It means that motor proteins are extremely
fine machines that can efficiently convert the chemical energy produced by ATP hydrolysis
into mechanical energy. In fact, martin et.al. (2007) propose that motor proteins could be
applied to various fields as ** nanomachines’’. Eg5 belongs to the motor protein. It involves in
the transport of the endoplasmic reticulum and organelles, and the transport of
neurotransmitters fromnerve bodies to synaptic terminals in nerve axons. Italso playsacrucial
role in mitotic cell division for the formation of the bipolar spindle in the eukaryotic cell
division. Therefore, it has been suggested that mitotic kinesin Eg5 is considered a potential

target for cancer therapy.

The various functions of Eg5 are proposed in equivalent polymorphisms in the key
kinesin structural elements. One of the functional elements of Eg5 is referred to as Loop 5(L5).
Especially, L5 of Eg5 has a very long structure unlike other kinesins and acts as the target for
binding of small molecular inhibitors. For the application of Eg5 motor proteins as
nanomachines, it is essential to artificially control the mechanical structure that changes with
external stimulation. Some of the results have continued for the development of inhibitors for
Eg5. Interestingly, several small-molecule compounds (such as monastrol, S-Triyl-L-Cysteine
(STLC), Ispinesib, and so on) have been shown the Eg5 inhibitory activity. They are binding
to the same druggable Eg5 allosteric pocket, which is composed of Loop LS5, a2, and a3.
However, they showed structural diversity and control the activity of Eg5 unidirectionally or
irreversibly. They could not be applied as nanodevice to control the functional activity of Egh
reversibly. Therefore, switching is required to control Eg5 activity reversibly not only in

general butalso in functional.



To do that, | focused on chromism. Chromism refers to a phenomenon in which the
optical properties (color, fluorescence, etc.) of a substance are reversibly changed by extemal
stimulation such as heat, pH, light, and so on. A substance that exhibits chromism is called a
chromic substance (or chromic material). First, it is suggested that heat could work as a
switching like as- high, low, and room temperature. However, in this study, | have used a
protein that is highly sensitive to high temperatures. Therefore, thermal is notan appropriate
technique for switching. Subsequently, | focused on the development of switching with
differentpH like as-acidic, alkaline, and neutral pH. Unfortunately, boththe acidic and alkaline
pH is harmful to the general structure of the protein. Hence, pH could not be applicable for
working as a switching. Finally, I focused on light for the establishment of switching. It has
been well known that photochromic compounds show light sensitivity. Photochromic
compounds are those compounds that show their structural and functional changes depends
upon the light irritation. There are two types of mechanisms observed for returning to their
original states. A mechanism that returns by irradiating light with a different wavelength, it’s
called P-type such as diarylethene and fulgide. Another one, a mechanism that returns by heat,

it’s called T-type such as spiropyran, azobenzene, and stilbenes.

Interestingly, some of the photochromic compounds showed structural similarity with
well-known potent Eg5 inhibitors such as spiropyran. Sadakane, et.al, designed and
synthesized anovel photochromic Eg5 inhibitor composed of double photochromic compounds,
spiropyran, and azobenzene. The inhibitor displayed two isomerization states and controlled
Eg5 activity. Generally, one photochromic compound shows two isomerization states.
Theoretically, coupling of two different photochromic compounds could show multiple
isomerization states which would be effective to establish photo switching precisely. In our
laboratory, photo switching has been using as a well-established technique to control protein

activity for the last two decades. | focused on obtaining novel inhibitors from synthetic or



natural sources and then react with photochromic compounds. The most changeling task is
designingof photochromic inhibitor for controlling Eg5 activity in multiple stages. In this study,
I demonstrated to develop a novel Eg5 inhibitor which has two parts, such as- one is regulatory
part, and another is inhibitory part to control Eg5 function in multiple states like strongly,

weakly and mediumly.

Firstly, to achieve that, | designed and combined two different photochromic
compounds such as spiropyran and azobenzene to make regulatory part and it displayed
inhibitory effect in multiple states. Interestingly, merely the regulatory part exhibited control
action on Eg5. Secondly, | focused on to discover a new and potent Eg5 inhibitor from natural
sources for the inhibitory part. Eg5 inhibitor from natural sourcesthat I utilized in this research
is Kolaroflavon and which exhibited effective control action for Eg5. In the future, that could
be formed multiple states with photochromic compounds (e.g- STLC- Azobenzene derivatives,
Ishikawa et.al). The aim of the study, the formation of multiple states have the clinical
significance for the treatment of cancer patients. The inhibitory activity of drugs could be
controlled precisely, in terms of high dosage, low dosage, or medium dosage, considering the

patient’s condition.

Key words: Kinesin, Kinesin Eg5, Mitosis cell division, Loop 5, Eg5 inhibitors,
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General introduction

Motor Proteins

Motor proteins are a series of atomic engines that could move across a cell's cytoplasm.
The chemical energy converted into mechanical function with the help of ATP hydrolysis.
Motor proteins are responsible for a variety of functions in biological systems, including
directing filament sliding during muscle contraction and facilitating intracellular trafficking
alongbiopolymer filamenttracks. Asaresult, motor proteinsare divided into two groups based
on their substrates. Actin motor protein, such as myosin, passes alongside microfilaments
through contact with actin. The microtubule motor proteins are made up of dynein and kinesin
and they interact with tubulins to drive microtubules. Kinesin and dynein are plus and minus-

direction motors, upon the direction in which they "move" on microtubule cables inside the

cell (Fig.1), (2).
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Fig. 1: Motor protein’s function and their categories (Kolomeisky, Anatoly B. "Motor proteins and

molecular motors: how to operate machines at the nanoscale.” Joumal of Physics: Condensed Matter 25.46 (2013):
463101.)



Motor Protein's Function

The muscle protein myosin is the well-known example of a motor protein, which
induces to contraction of muscle fibers in animals. Motor proteins are responsible for most of
the protein or macromolecule transport such as vehicle transport in the protoplasm. Kinesin
and cytoplasmic dynein are involved in chromosomal segregation during bipolar cell division

(mitosis), meiosis, the formation of spindle machinery, and intracellular transport.

Kinesin and their superfamily

Vale.et.al first discovered kinesin in neural tissue, in where it emerges to produce end-
coordinated developments essential for axonal transport in addition to end-coordinated
developments (2). Kinesins are classified into three types based on where the motor domain is
located: N-terminal kinesins (e.g. Eg5), C-terminal kinesins (e.g. HSET) (Fig.2), and internal
motor domain kinesins (3). Kinesins, alike cytoskeletal motors, have a catalytic motor domain
(head) with two binding domains, one for ATP and other for microtubules. In kinesins, the
neck linker connects two globular motor domains to the coiled-coil stalk (neck). A tail section

at the opposite end of the stalk interacts with specific cargos and connector proteins.

To date, over 650 members of the Kinesins superfamily have beenidentified. They exist
in all eukaryotes, whereasabsent in all prokaryotes. There are over 45 different kinesins in the
human genome, according to the specified motor domain and their amino acid sequence, and
some of them have been associated with various diseases. Kinesins are classified into 14
subfamilies based on phylogenetic analysis of motor protein sequences, ranging from Kinesin
-1 to Kinesin -14 (Table 1). The non-exclusive role in eukaryotic cells is important for cell
division at various stages, organelle transport and intracellular vesicle as one of the major

functions.
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Fig.2. Human mitotic kinesins and their motors are classified. (Rath, O., & Kozielski, F.

(2012). Kinesins and cancer. Nature reviews cancer, 12(8),527-539.)

Currently, 16 kinesins work together to coordinate cytokinesis and mitosis. Certainly,
kinesin has been associated with the genesis, progression, and resistance of tumors in treatment
development. Human kinesins have been found to be implicated in cancer and contribute to
carcinogenesis. As a result, kinesins have emerged as a potential cancer treatment. Mitotic
kinesin inhibitors will target Eg5, also known as KIF11, and centromere-associated protein E,

and will be the most advanced with clinical features (CENPE).



Table 1. Human kinesin nomenclature and function (Rath and Kozielski, 2012)

Acronym | Full Name | Alternative Kinesin Function
Nomenclature Family
KIF1A Kinesin ATSV (axonal Kinesin-3 | Neuron-specific axonal
family transport of synaptic transporter of synaptic
member 1A | vesicles), C20rf20 vesicle precursors
(chromosome 2 open
reading frame 20),
FLJ30229
KIF1B Kinesin CMT2, CMT2A, Kinesin-3 Microtubule plus end-
family HMSNII, directed monomeric
member 1B | KIAA0591, KLP, motor protein for
NBLST1 transport of
mitochondria, involved
in axonal transport
KIF1C Kinesin KIAAQ0706, LTXS1 [ Kinesin-3 | Regulates podosome
family dynamics in
member 1C macrophages
KIF2A Kinesin KIF2 (kinesin Kinesin-13 | Microtubule minus end-
family heavy chain member depolymerizing motor
member 2A | 2), KNS2, HK2, crucial for bipolar
HsKin2 spindle formation
KIF2B Kinesin FLJ53902 Kinesin-13 | Involved in kinetochore-
family microtubule dynamics to
member 2B promote mitotic
progression
MCAK Kinesin KNSLG6 (kinesin-like | Kinesin-13 | Microtubule plus end-
(KIF2C) | family 6), MCAK (mitotic depolymerizing motor
member 2C | centromere- required for
associated kinesin) chromosome
congression and
alignment
KIF3A Kinesin Kinesin-2 Microtubule plus end-
family directed motor for
member 3A membrane organelle




transport, required for
assembly of the primary
cilium

KIF3B Kinesin KIAA0359 Kinesin-2 Microtubule plus end-
family directed motor for
member 3B membrane organelle

transport

KIF3C Kinesin Kinesin-2 Maybe involved in
family maturation of neuronal
member 3C cells

KIF4A Kinesin chromokinesin-A, Kinesin-4 Chromosome
family FLJ12530,FLJ12655, condensation,
member 4A | FLJ14204,FLJ20631, anaphase spindle

HSA271784, KIF4, midzone
KIF4-G1 formation and
cytokinesis

KIF4B Kinesin chromokinesin-B Kinesin-4 Chromosome
family condensation,
member 4B anaphase spindle

midzone
formation and
cytokinesis

KIF5A Kinesin SPG10 (spastic Kinesin-1 | Involved in spastic
family paraplegia 10), paraplegia type 10 and
member 5A | D12S1889, Charcot-Marie-Tooth

MY050, NKHC type 2

KIF5B Kinesin KNS1, KNS, Kinesin-1 Involved in vesicle
family UKHC transport; interacts with
member 5B a variety of viruses to

allow for their
replication within
the cell

KIF5C Kinesin NKHC2, KINN, Kinesin-1 | Binding partner of
family KIAA0531, casein kinase 2 involved
member 5C | FLJ44735 in apical trafficking




KIF6 Kinesin C6orf102 Kinesin-9 Unknown
family (chromosome 6
member6 | open reading frame
102), dJ137F1.4,
dJ188D3.1,
dJ1043E3.1,
DKFZp45112418,
MGC33317
KIF7 Kinesin JBTS12 Kinesin-4 Hedgehog signaling
family
member 7
KIF9 Kinesin MGC104186 Kinesin-9 | Regulation of matrix
family degradation by
member 9 macrophage podosomes
CENPE Centromere- | KIF10, PPP1R61 Kinesin-7 | Microtubule-kinetochore
(KIF10) | associated | (protein phosphatase capture and mitotic
protein E 1, regulatory subunit checkpoint signaling
61)
EG5 Kinesin KNSL1 (kinesin-like | Kinesin-5 | Separation of the
(KIF11) | family 1), KIF11, duplicated
member 11 | HKSP (Kinesin centrosome during
Spindle Protein), spindle formation
TRIP5, Thyroid
receptor-interacting
protein 5
KIF12 Kinesin RP11-56P10.3 Kinesin-12 | Unknown
family
member 12
KIF13A | kinesin RBKIN, Kinesin-3 | Transports mannose-6-
family bA500C11.2, phosphate receptor to the
member FLJ27232 plasma membrane
13A
KIF13B | kinesin GAKIN, Kinesin-3 Involved in regulation of
family KIAA0639 neuronal cell polarity
member
13B




KIF14 Kinesin CMKRP, Kinesin-3 Involved in cytokinesis,
family KIAAQ0042, chromosome
member 14 | MGC142302 congression and

alignment

KIF15 Kinesin KNSL7 (kinesin-like | Kinesin-12 | Involved in bipolar
family 7), HKLP2, spindle formationin
member 15 | KLP2, NY-BR-62, absence of Eg5

FLJ25667

KIF16B | kinesin C200rf23 Kinesin-3 | Critical for early
family (chromosome 20 embryonic development
member open reading frame by transporting the FGF
16B 23), FLJ20135, receptor

dJ971B4.1,SNX23

KIF17 Kinesin KIAA1405, Kinesin-2 | Neuron-specific
family KIF3X, KIF17B molecular motor in
member 17 neuronal dendrites

KIF18A | kinesin DKFZP434G2226, Kinesin-8 Chromosome
family Kip3p, KIp67A, congression
member KipB, klp5/6+
18A

KIF19 Kinesin FLJ37300, KIF19A | Kinesin-8 Unknown
family
member 19

MKLP-2 | kinesin RABG6KIFL Kinesin-6 | Cytokinesis

(KIF20A) | family (RAB6-interacting,
member Kinesin-like 6),
20A MKLP-2, RabKS,

rabkinesin-6,
rabkinesinG,
FLJ21151

MPP1 Kinesin MPHOSPH1 (M- Kinesin-6 Likely required for

(K1F20B) | family phase completion of
member phosphoprotein 1), cytokinesis
20B MPP1, CT90,

KRMP1

KIF21A | kinesin FEOML (fibrosisof | Kinesin-4 Unknown

family the extraocular




member muscles 1),
21A FLJ20052,
KIAA1708,
FEOMB3A, NYREN-
62
KIF21B | kinesin DKFZP434J212, Kinesin-4 | Unknown
family KIAA0449,
member FLJ16314
21B
Kid Kinesin KNSL4 (kinesin-like | Kinesin- Generates polar injection
(KIF22) | family 4), Kid 10 forces essential for
member 22 | (kinesin-like DNA- chromosome
binding protein), congression
OBP-1, OBP-2 and alignment
MKLP-1 | kinesin KNSLS5 (kinesin-like | Kinesin-6 | Cytokinesis
(KIF23) | family 5), MKLP-1
member 23 | (mitotic kinesin-Like
Protein 1),
MKLP1, CHO1
KIF24 Kinesin C9orf48 Kinesin-13 | Regulates centriolar
family (chromosome 9 length and ciliogenesis
member 24 | open reading frame
48), bA571F15.4,
FLJ10933,
FLJ43884
KIF25 Kinesin KNSL3 (kinesin like | Kinesin-14 | Unknown
family 3)
member 25
KIF26A | kinesin DKFZP434N178, Kinesin-11 | Regulates GDNF-Ret
family KIAA1236, signaling in enteric
member FLJ22753 neuronal development
26A
KIF26B | kinesin FLJ10157 Kinesin-11 | Regulates adhesion of
family the embryonic kidney
member mesenchyme
26B




KIF27 Kinesin DKFZp434D0917, Kinesin-4 | Hedgehog signaling
family RP11-575L7.3
member 27
HSET Kinesin KNSL2 (kinesin-like | Kinesin-14 | Essential for bipolar
(KIFC1) | family 2), HSET, spindle assembly and
member C1 | Human Spleen proper cytokinesis
Embryo Testes,
XCTK2, Kar3, Ncd
KIFC2 Kinesin Kinesin-14 | Transports vesiclesin a
family microtubule-dependent
member C2 manner in a retrograde
direction62,63KIFC3kin
esin
KIFC3 Kinesin FLJ34694, Kinesin-14 | Cooperates with
family DKFZp686D23201 cytoplasmic dynein in
member C3 Golgi positioning and
integration

Kinesin Eg5 as a motor protein

The kinesin spindle protein Eg5, also known as KSP or KIF11, is a significant drug
target in antimitotic cancer therapy. Eg5 belongs to kinesin superfamily, and it involved in the
organization and interchange of the bipolar spindle before and during anaphase. Every
eukaryote has at least one Egb, and the kinesins and other homologues include members of the
kinesin subfamily (KinSin2). KRP, Kinesin-related molecular motor proteins, generates
energies on microtubules for cell division and reorganization. Eg5 regulates spindle elongation
during the early stages of mitosis, which aids in centrosome partitioning (Fig.3). Itis required
for the formation of a bipolar spindle and the separation of sister chromatids. Effective Egb
inhibition induces a phenotype known as the monopolar spindle, which leads to cellular mitotic
seizure and apoptosis (Fig.4). There is significant genome variability in mouse models and

carcinogenesis, with the effect of Eg5 overexpression. The number of Eg5 expression is few in



non-proliferating adult tissues and Eg5-focused therapy has a lower toxic profile when
compared to traditional anti-mitotic therapies. Since it is highly expressed in tissues such as
blood and lymphatic vascular endothelial cells, inhibiting Eg5 has two effects: anti-
proliferative and anti-angiogenesis. According to the currentresearch, the inhibition of Eg5
and associated Kinesin-5 family members continue the cause of failure of centrosome

separation, spindle assembly, and bipolar spindle in the family of genes (4).

a Motor Stalk Tail

Monomer L/‘ _O
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Fig. 3: The requirement of Kinesin Eg5 for the development of bipolar spindles and cell
division. (Liu,M., Ran,J.,& Zhou, J. (2018). Non-canonical functions ofthe mitotic kinesin Eg5. Thoracic
cancer,9(8),904-910.)

a Normal cell EgS-depleted cell

b Normal cell Eg5-depleted cell

\‘( ——
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Fig. 4: Eg5 is essential for bipolar spindle formation and cell division. (Liu, M., Ran, J.,
& Zhou, J.(2018). Non-canonical functions of the mitotic kinesin Eg5. Thoracic cancer, 9(8), 904-910.)
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Loop5 and its location

There are some motor proteins, such as Kinesin- family motors, G-protein and myosin
that have developed from an ordinary ancestor protein and they allocate the Switch 1 and
Switch 2 triphosphate bindingdomain and P- loop pattern atthe nucleotide site (5). With a core
B-sheet platform, all the mentioned three families proteins are surrounded by a-helices on both
sides. P-loop is glycine- rich loop (L4) shape located between the core f3-strand and the

surrounding a2 helix and is diagnosed for ATPase proteins.

Switch regions are required for the conversion of ATP chemical energy to mechanical
energy. Kinesin family motors are unique in that the a2 helix is close to the P-loop and the a -
helical replicate is broken to turn fromthe P-loop into the helix by a surface-exposed element,
Loop (L5). Following L5, the a2-helix reforms and expands across the entire protein surface.
The L5 function is critical in the mitotic kinesin -5 family and in transmitting information on
the catalytic site to the motor mechanical element, the neck linker (NL). Several types of

kinesins Eg5 inhibitors and their binding sites in L5 pocket have already been confirmed (6).
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Fig.5: Difference of L5 in the crystal structure of kinesin motor domain. The crystal
structure that overlay arrangements of L5 neighborhood of three kinds of kinesin. L5 of
Eg5(orange), KIF5A(pink), K16(green). Loop L5 is considered to be an important functional
site affecting ATP hydrolysis of kinesin and affinity with microtubules. Especially L5 of Egb
has a very long structure unlike other kinesin and it acts as a cap of pocket and where a specific

inhibitor can bind.

The mitotic kinesin Eg5 has a longer L5 with 18 amino acid residues, whereas CENP-
E and conventional (kinesin-1) haveshorter (7-10 residues) L5 (Fig.5). The bindinginteraction
of inhibitors with L5 has been revealed in the presence of mitotic inhibitors such as monastrol
and S-trily-L-cysteine (STLC) and abolished the activity of kinesin Eg5. As a result, it suggests

that L5 has a regulating role in kinesin Eg5 motor.
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Reason for targeting of antimitotic agents (Eg5 inhibitors) for cancer treatment

Antimitotic substances such as taxanes andvinaalkaloids are therapeutically significant
as chemotherapy drugs. These medicines work by binding to tubulin and preventing the cell
cycle from progressing during mitosis by disrupting microtubule dynamics and triggering the
spindle checkpoint, resulting in cell death. Tubulin is an essential cytoskeletal protein for cell
division, cell shape, motility, and intracellular transports. Consequently, antimicrotubular
drugs have a significant side effect of causing peripheral neuropathy by limiting axonal
transport reliant on microtubules. Antimitotic drugs, as distinguished from antimicrotubular
medicines, target the mitotic process (Eg5) and have been identified as a promising target for

cancer therapy (7).
Background of kinesin Eg5 inhibitors

The first selective inhibitor of Eg5 is monastrol which induces the formation of
monoastral spindles during mitosis cell division (Fig.6). The discovery of itthrough phenotypic
screening opened a new approach for finding small compounds that impact the configuration
of mitotic spindles through a machinery modification from the known antimitotic compounds.
Both enantiomers of monastrol, S and R, had inhibitory effects, although the S enantiomer
seemed to be stronger and induced monoastral at lower doses than the R or racemic

combination (8). e, OH

.—' -‘ccs
H, erastron O S%OH

1. menastrol 2. R=
3: R=Me, dimethylenastron NHz
iy, OH =, ~OH O
§ |
OH ™ ']:\ /T 6: S-trityl-L-
~L-v~ “NH e cysteine(STLC)
L L X
e g N
H H
4: enastral 5:WE-83

Fig. 6: Kinesin EgS inhibitors and their derivatives e.g. monastrol and their analogs

and STLC (Sarli, V., & Giannis, A. (2006). 1(3),293-298.)
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ICso value of Monastrol for inhibiting Eg5 motility is 14uM, and it causes a particular
reversible block of the cell cycle. Furthermore, the allosteric inhibitory site was situated around
12A away from the catalytical site, which was confirmed in 2004 by the effective
crystallization of the inhibitor bound Eg5 complex. Several monastrol analogs have recently
been produced and tested for their ability to inhibit Eg5 (Fig. 6). Monastrol regulates to
conformationally restricted bicyclic complexes with enhanced inhibitory action against Egs
due to the cyclic motion of the side chains. Enastron 2 (ICso = 2uM), enastron 4 (1Cso = 2uM),
and dimethylenastron have all been found as strong inhibitors (Table 2). Furthermore, the 3,4-
dihydrophenylquinazoline-2 (1H)-thione structure opens the door to a novel class of Eg5
inhibitors known as vasastrols (Fig. 6). In an in vitro assay-based screen of small-molecule
libraries, S-Trityl-L- cysteine was identified as an Eg5 inhibitor (Fig.6). In HeLa cells, this

amino acid derivative acts as a strong Eg5 inhibitor with ICsovalues of 1.0uM.

Table 2. Inhibitors of Eg5.

Compound 1Cso [NM]
(S)-monastrol 1 14000
rac-enastron 2 2000
rac-dimethylenastron 3 200
rac-enastrol 4 2000
rac-VS-83 5 1200
terpendole E (6) 23000
S-trityl-L-cysteine (8) 1000
HR22C16 (9) 800
trans-tetrahydro-p-carboline 10 90
trans-tetrahydro-f3-carboline 11 650
dihydropyrazole 13 26
KSP-1A (14) 11

Source: (Inhibitors of mitotic kinesins: Next-Generation Antimitotics,
Vasiliki Sarliand Athanassios Giannis, chemMedchem 2006, 1,293-298)
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Purpose of the study

The aim of this study is the development of an inhibitor and control the function of Egb
in the multiple states like strongly, weakly and mediumly. Previously Ishikawa, et.al.
synthesized a new STLC- analog inhibitor using photochromic compounds. The inhibitor
showed just two isomerization states and controlled the inhibitory activity as like as on-off
photo-switch (Fig.7), (9). In this research, | emphasized on the formation of three isomerization
states to control inhibitory activity of Eg5 more precisely. The importance of this multiple
states formation is for clinical use for the treatment of cancer patients. The inhibitory activity
of drug could be controlled precisely which is likely high dosage, low dosage, and medium
dosages. We can control the activity of the drug, depend on the condition of the patient. For
example, if the patient in severe condition, then we can apply maximum dose of drug.
Subsequently, if the patient is getting better, we can minimize the drug release. Finally, if the
patient getting more better, we can stop the drug release. The condition of the patient can
change the activity of the drug precisely. Therefore, three stage can show appropriate activity
for the condition of patient, moreover, minimize the side effects of the drugs as shown in Fig.

8.

To achieve that, | design the regulatory and inhibitory coupling (Fig.9). The regulatory
part of the inhibitors is composed of photochromic compounds and the inhibitory parts are
composed of the natural compounds. Interestingly, this regulatory part which is composed of
photochromic compound showed inhibitory activity for Eg5 itself. Subsequently, | focused on
finding out potent inhibitor of Eg5 for the inhibitory part. 1t has been reported that most of the
Eg5 potent inhibitors are derived from synthetic sources and showed several side effects.
However, to date, the inhibitor of Eg5 from natural sources has not been studied very well.

Additionally, natural compounds have some advantages to use as an inhibitor and presumably,
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they minimize the side effect of the drug compared to synthetic compounds. Therefore, in this
study, | emphasize to discover an active compound for the inhibitory part from the natural
sources which is Kolaviron as bioflavonoids, namely Garcinia biflavonoid (GB)1, GB 2, and
kolaflavanone (KLF) (Fig. 10). The result of the characterization of KLF shows its inhibitory

activity for Kinesin Eg5 as an inhibitor.
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Fig. 7: (A)Photoisomerization of ACTAB. Structural formula of ACTAB. ACTAB, as an azobenzene
derivative, undergoes reversible photoisomerization between the trans- and cis isomer by irradiation at 400 and
480 nm. (B) Photocontrol of the ATPase activity of Eg5 by ACTAB. (Source: Kumiko Ishikawa et.al. , photo-regulation

of the mitotic kinesin Eg5 using anovel S-trityl-L-cysteine analogue as a photochromic inhibitor, J.Biochem. 2014; 155(4): 257-263)
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Fig.8: The aim of this study is to control the function of Eg5 using photochromic

compounds which show three isomerization states.
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Fig. 10: Chemical structure (2D and 3D) of kolaflavanone (KLF).

Idea to control the function of Kinesin Eg5

Several findings have led to the creation of Eg5 inhibitors. Attractively, numerous
small-molecules have been identified as Eg5 inhibitor, including monastrol, S-Triyl-L-
Cysteine (STLC), Ispinesib, and so on. They are suitable for binding into the same druggable
Eg5 allosteric pocket, which is made up of Loop L5, a2, and a3. Nonetheless, they exhibit
structural variety and regulate the activity of Eg5 in a unidirectional or irreversible manner.
Therefore, they could not be used as a nanodevice to reversibly regulate the functional activity
of Eg5. Therefore, switching is necessary to control Eg5 activity in a reversible manner not
only in general but also in functional terms. To accomplish that, I relied on chromism
compounds. Chromism is a phenomenon in which external stimuli such as heat, pH, light, and
the optical characteristics (color, fluorescence) and so on, affect the substance characteristics

in a reversible manner. A chromic substance is a substance that shows chromism (or chromic
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material). First, it was proposed that heat may function as a switching mechanism, like high,
low, and ambient temperature. However, | utilized a protein in this experiment which is
extremely sensitive to high temperatures. As a result, thermal switching is not an acceptable

approach.

Following that, | emphasized on the creation of switching with various pH levels, such
as acidic, alkaline, and neutral. However, both acidic and alkaline pH are detrimental to the
protein's overall structure. As a result, pH might not be suitable for using as a switch.
Eventually, I worked on light to develop switching using photochromic compounds.

Photochromic chemicals are widely recognized for their light sensitivity.

Photochromic compounds and its function

Photochromic compounds are those compound that change the structure and properties
reversibly in response to photo stimulation. Photochromism is defined by IUPAC as a “light-
induced reversible change of color”. It has been reported that the photochromic compounds act
as molecular switch in the biological system. The organic photochromic molecular switch
could be reversely interconverted depend upon the reactions stimulated by light excitation and
varied absorption spectra. These two characteristics change likewise in various other physical
properties such as fluorescent intensity, acid/base strength, dipolar moment, molecular shape,
and so on. In photochemistry, several altered organic photochromic molecules are well known
such as azobenzenes, stilbenes, spiropyranes, fulgides, diarylethenes and chromenes among
many others (Fig. 10). There are three altered categories such as trans-cis-trans isomerizations,
photo-induced ring closing reaction and photo-tautomerism that are formed in the

photochromic processes (10).
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The photochromic systems are categorized into two categories, based on the thermal
stability of the photogenerated isomer. At the elevated temperatures, the isomers that do not
return to its initial isomers referred as P-type (photochemically reversible type). For example:
fulgides and diarylethenes. The photogenerated isomer thermally returns to its actual form as
referred as T-type (thermally reversible type). For example: Azobenzenes, Stilbenes or

spiropyranes (Fig.10).

spiropyranes fulgides stilbenes diarylethenes chromenes

OFF
state

ON
state

Fig. 11: A list of photochromic molecules and their isomer formation (Garcia-Amoroés, J., &

Velasco, D. (2012). Recent advances towards azobenzene-based light-driven real-time information-transmitting
materials. Beilstein journal of organic chemistry, 8(1), 1003-1017)



Chapter 2

Novel photochromicinhibitor for mitotic kinesin Eg5 which

forms multiple isomerization states
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Introduction

Kinesins are a superfamily of molecular motors that play a key role in an assortment of
physiological capacities by transporting intracellular cargosalongmicrotubule (MT) filaments.
In some cases, represented as “nano-machines”, kinesins alter the chemical energy of ATP into
mechanical force, driving their cargo towards the termination of the MT in most cases (11). In
the human genome, 45 different kinesins have been reported based on their specific amino acid
of the motor domain and are related to various diseases. There are a few kinesins that play a
fundamental part in the cell cycle (12). Among the entire superfamily, Kinesin Eg5, which is
also referred to as KSP or KIF11, has been properly studied due to its physiological properties
in eukaryotic cells. Most of the important functions of kinesin Eg5 include transportation of
molecular cargos, neurotransmitters, axon transport, and bipolar spindle formation during
eukaryotic celldivision. Effective obstructionof Eg5 functionstimulates a hallmark phenotype
known as the monopolar spindle and leads to cellular mitotic seizure and apoptosis (13,14).
Therefore, Eg5 has been considered as a target for cancer therapy, and inhibitors specific for
Eg5, such as Monastral, STLC Ispinesib, SB-743921, and ARRY-520, have been developed.
Interestingly, although their structures are not conserved, they target the same binding pocket
composed of helix 02, a3, and loop L5, located around 10 A away from the ATPase site (15).

In our laboratory, we have been trying to develop functional novel inhibitors of Egb
with photo switching inhibitory activity. It was reported that the aromatic ring resembled the
Eg5 inhibitor and photochromic molecules. It is expected to apply to photo-switching of the
EQg5 inhibitor. In a previous study, it was demonstrated that the modification of the functional
region L5 in the Eg5 motor domain using photochromic compounds showed photocontrol of
Eg5 ATPase activity (16). However, the chemical modification of Eg5 with photochromic
compounds to accomplish photocontrol has not been adjusted for application in living cells.

Therefore, we focused on developing and synthesizing novel inhibitors using photochromic
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compounds that can permeate the cell membrane and control the Eg5 activity photo -reversibly
in living cells.

Photochromic compounds are compounds that change the structure and properties
reversibly in response to photo stimulation. It has been reported that photochromic compounds
act as molecular switches in biological systems. Photochromic systems are categorized into
two types based on the thermal stability of the photogeneratedisomer. Atelevated temperatures,
the isomers that do not return to their initial isomers are also referred to as P-type
(photochemically reversible type) isomers, for example, fulgides and diarylethenes. The
photogenerated isomer thermally returns to its actual form, as referred to as T-type (thermally
reversible type), for example, azobenzenes, stilbenes, or spiropyranes (17). Photochromic
azobenzene is photo-isomerized to a hydrophilic Cis-isomer by UV light and a hydrophobic
transisomer by visible light (VIS) irradiation ((18-21). On the other hand, Spiropyranexhibited
open ring zwitterion containing photo-isomer Merocyanine form under UV light and close ring
hydrophobic Spiro form beneath VIS light (22).

Ishikawa, et.al. synthesized a novel STLC- analog inhibitor using photochromic
compounds. The inhibitor showed two isomerization states and different inhibitory activities
such as on-off the photo-switch photo-reversibly. Sadakane, et.al. designed and synthesized
another couple of novel inhibitors composed of the double photochromic compounds
Spiropyran or Azobenzene. The inhibitors also displayed two isomerization forms and
inhibited Eg5 ATPase and motility activities at two levels, efficiently correlating with the
photo-isomerization among the two states (23-25). Generally, each photochromic compound
exhibits two photo-isomerization states by light irradiation photo reversibly. Theoretically,
combining two different kinds of photochromic molecules enables the formation of more than
two isomerization states. The three state formations are of clinical significance in the treatment

of cancer patients. The inhibitoryactivity of drugs could be controlled precisely,which is likely

23



to be high dosage, low dosage, and medium dosages, considering the condition of the patients

(graphical abstract).

Three States
Isomerization

Kinesin Eg5 Multi-isomerization Photochromic inhibitor

Schematic representation of the proposed multiple photo regulation by the novel photochromic

inhibitor which exhibits three isomerization states. Photocontrol of kinesin Eg5 by multi-

In this study, I employed two photochromic compounds, Spiropyran and Azobenzene,
to synthesize Eg5 inhibitors that exhibit multiple levels of inhibitory activity for Eg5. In fact,
the novel photochromic inhibitor showed three isomerization states and three inhibitory
activities for Eg5 by photo-stimulation. Itis anticipated that the novel photochromic inhibitor

will be able to accomplish the photocontrol of mitotic cell division and bring a notable change

beyond the current anticancer therapy.
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Materials and Method

Synthesis of photochromic inhibitors (SPSAB) composed of spiropyran and sulfonated

azobenzene

The photochromic inhibitor, spiropyran-sulfonated azobenzene (SPSAB) was
synthesized. The significance of SPSAB inhibition is hydrophilicity. The synthesis of
hydrophilic SPSAB involves the coupling reaction of 1-(B-carboxyethyl)-3’, 3'-dimethyl-6—
nitrospiro (indoline-2’, 2 (2H-1) benzopyran) (SP-COOH) and 4-Aminoazobenzene-4'-
sulfonic Acid Sodium Salt with coupling reagents 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) and 1-Hydroxy-7-azabenzotriazole (HOAt). Prior to the coupling
reaction, an activated SP ester was prepared. SP-COOH (65.72 pumol) was activated with
EDC (78.86 umol) and HOAt (65.72 umol) for L0 min in 1.0 mL dry N, Ndimethylformamide
(DMF) at room temperature (RT), and stirred with a magnetic stirrer.
Subsequently, 4-Aminoazobenzene-4'-sulfonic acid sodium salt was added to the mixture
of activated SP ester and reacted overnight at room temperature (RT). The expected
hydrophilic inhibitor was purified in a large TLC (PLC silica gel60, MERCK) and used as
a developing solvent of 20% methanol and 80% chloroform and extracted with 100%
methanol using a rotary centrifuge at 8000 rpm, 20°C, 15 min. The Rf value of SPSAB
was 0.31. Finally, the synthesized inhibitor SPSAB was confirmed using a fast atom
bombardment mass spectrum (FABMS) and showed a molecular ion at m/z 638+1. This

correspondsto a molecular mass of 639.678 as calculated from the formula of SPSAB.
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Photo-isomerization of SPSAB

Three isomerization states of SPSAB were irradiated at 366nm using a black - ray
lamp (16W, UVP, Upland, CA, USA), visible light (VIS) using a fluorescent lamp (27W),
and in the dark to convert SP-trans - SPSAB to MC- cis- SPSAB, MC- cis -SPSAB to SP-trans
- SPSAB, and finally, MC- cis -SPSAB to MC- trans- SPSAB. In the solution of 30
mM Tris- HCI (pH 7.5), the isomers of SPSAB were dissolved and the light was irradiated

from 5 cm above surface of the solvent at 25°C.

Expression and purification of the mitotic kinesin Eg5 motor domain

The motordomain of Eg5 was prepared as per the followingrevised method. Wild-type
mouse Eg5 (WT, amino residue 1-367) that contains cDNA of the motor domain was enlarged
using the polymerase chain reaction (PCR) and ligated into the pET21a vector. Escherichia
coli BL21(DE3) (Invitrogen, CA, USA) was transformed with Egs WT and the mutant
expression plasmids. Escherichia coliwas cultured for2.5hat37 °C in 3L of LB medium with
100 pg/mL amipicillin till the optimal culture density reached at 600nm. The addition of 0.5
mM isopropyl B-D thiogalacto-pyranoside (IPTG) solution induced the expression of Egb
mutants. The incubation was sustained for 18 h at 18 °C. At 4 °C for 15 min, the cells were
harvested by centrifugation at 5000xg using a No. 30 rotor (Hitachi Himac CR22G). The
precipitate was suspended in HEM buffer (10mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonicacid [HEPES], pH 7.2, LmM MgCl,, 1ImM | ethylenebis (oxyethylenenitrilo)]tetraactic

acid [EDTA], and 25 mM NacCl) and then stored at —80 °C.

At 4°C, purification was performed. The frozen cells were thawed, suspended in 15 mL
of sonication buffer (20mM MOPS pH7.0, 500mM NaCl, 1mM MqgCl,;, 0.2mM -
mercaptoethanol, 0.5mM phenylmethylsulfonyl fluoride (PMSF), 2 ug/mL leupeptin, 2 pg/mL

aprotinin, and 2 pug/mL pepstatin A), and later sonicated for 5 cycles (sonication for 30s and
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onice for30s) with an ultra-S homogenizer (VP-305, taitec, Saitama, Japan) ata micro tip limit
of 5-6 and a duty cycle of 50%. The cell lysate was centrifuged at 235,000xg for 1 h usinga
45Ti rotor (Beckman Coulter, CA, USA Optima XL-90 ultracentrifuge), and the supernatant
was applied to a Co- nitrilotriacetic acid (NTA) column (Talon Metal Affinity Resin, Takara,
Shiga, Japan). The Co-NTA column was utilized to purify the Eg5 WT. Using lysis buffer
containing 150 mM imidazole, Eg5 was eluted from the Co-NTA column. Sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to examine the fractionsand
confirm the molar mass of Eg5 (43kD). Purified Eg5 was dialyzed in buffer (30 mM Tris-HCI

atpH7.5,120 mM NacCl, 2.0 mM MgCl,, 0.1 mM ATP, and 0.5 mM DTT) and stored at-80°C.

Purification and polymerization of tubulin

According to the method described by Hackney, tubulin was purified from porcine
brains. At 37 °C, tubulin was polymerized for 30 min in 100 mM PIPES (pH 6.8), 1.0 mM
EGTA, 1.0 mM MgCl,, and 1.0 mM GTP. Further, taxol was added to a final concentration of
10 uM. At 37 °C, the polymerized microtubules were collected by centrifugation at 80,000 rpm
for 15 min. The microtubule pellet was collected in a buffer comprising 200 mM PIPES (pH

6.8), 1.0 mM MgCl,, 1.0 mM GTA, and 10 pM Taxol, excluding the supernatant.

Kinesin ATPase assay

The ATPase assay was implemented as per the methodology mentioned previously. By
using 20 mM HEPES (pH 7.2), consisting of 50 mM KCI, 2 mM MgCl,, 0.1 mM EDTA, 0.1
mM EGTA and 1.0 mM B-mercaptoethanol, the activity of kinesin ATPase was measured.
SPSAB dissolved in DMF was irradiated using UV light, visible light (VIS), and in the dark
and added to the assay buffer ata final concentration of 0.0-150 M, to analyze the effect of
the photo-isomerization of the inhibitor. The ultimate DMF concentration in the Eg5 ATPase

buffer was 5.0%. Excluding the microtubules, 0.5 uM Eg5 was added to the assay buffer for
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basal ATPase activity. About 0.1 uM Eg5 motor domain was added to the assay buffer in the
presence of a 3.0 UM microtubule solution for microtubule-stimulated ATPase activity. The
ATPase reaction was initiated by adding 2.0 mM ATP and concluded by adding 10%
trichloroacetic acid (TCA). The stipulated time for the reaction of microtubule-stimulated
ATPase or basal ATPase activity was 10 or 30 min at 25°C. The released inorganic phosphate

(Pi1) in the supernatant was measured according to the method of Youngburg.

Motility assay

As previously mentioned, the methodology is slightly altered to perform the in vitro
motility assays (13). Inthe assay buffer (10mM Tris- acetate, pH7.5,50 mM potassium- acetate,
2.5 mM EGTA and 4.0 mM MgSOy,), the coverslips were coated with an anti-6x histidine
monoclonal antibody (Wako). Consequently, the chambers were incubated at 25 °C for 2 min
and 0.5 uM Eg5 in assay buffer A (L0mM Tris-acetate, pH7.5,50 mM potassium-acetate, 2.5
mM EGTA, 4.0 mM MgSO,, and 0.2% B-mercaptoethanol) was perfused through the flow of
chambers. After cleaning the chambers with assay buffer, A, 1.0 mg/mL casein in assay buffer
A was perfused through the flow chambers, and the chambers were incubated for 5 min at25°C.
Simultaneously, 110 uM photo isomerized SPSAB, which was irradiated with VIS light, UV
(366 nm) for 10 min, and in the dark for 21 h in assay buffer A, was perfused through the flow
chambers and the anchored Eg5 was treated for 2 min at 25°C. Later, the rhodamine-labeled
microtubules in assay buffer B (assay buffer A with 110 uM photo-isomerized SPSAB and
20.0 uM taxol) were perfused through the flow chambers. Next, assay buffer B was used to
wash the chambers. Conclusively,1.0 MM ATP and 110 uM photo isomerized SPSAB in assay
buffer C (assay buffer B with 1.5 mg/mL glucose, 0.01 mg/mL catalase, and 0.05 mg/mL

glucose oxidase) were perfused through the flow chambers. The ultimate DMF concentration
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in the assay buffer was 5.0%. An Olympus BX50 microscope equipped with a CCD camera

was utilized to view the rhodamine-labeled microtubules.

Mixed motor gliding assay

The same procedure hasbeen followed as mentioned in the mobility assay.
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Results

Design, synthesis, and photo-isomerization of Eg5 inhibitors SPSAB, which form three

states

I employed a photochromic compound combination of azobenzene and spiropyran to
create a photochromic inhibitor that exhibits multiple inhibitory activities for kinesin Eg5.
Previously, it has been reported that the homodimer of azobenzene or spiropyran derivatives
worked as a potent photochromic inhibitor. Therefore, the heterodimers of azobenzene and
spiropyran are also expected to show inhibitory activity. SP-COOH was coupled with 4-
Aminoazobenzene-4'-sulfonic acid according to the established methods described in the
Methods and Materials section. The incorporation of sulfonic acid is expected to increase the
solubility in physiological solutions. Azobenzene isomerizes between cis and trans, and
spiropyran exhibits spiro and merocyanine isomers. Therefore, the SPSAB composed of
azobenzene and spiropyran can theoretically form four isomerization states, SP-trans, SP-Cis,
MC-cis, and MC-trans (Fig.12). Isomerization among the combined isomers of SPSAB
induced by light irradiation or in the dark condition were monitored by absorption spectra. It
is well known that the absorption spectral change of spiropyran accompanied by SP-MC
iIsomerization occurs at 530 nm. On the other hand, cis-trans isomerization of azobenzene
induces an absorption spectral change at 350 nm (26,27). Isomerization of SPSAB induced by
UV or VIS light irradiation was monitored by measuring the absorption spectral changes.
Visible light irradiation induced an increase in absorption at 350 nm and decreased at 530 nm,
as shown in Fig. 13A, reflecting the SP-trans isomerization state. Subsequently, UV irradiation
decreased the absorption at 350 nm and increased the absorption at 500 nm corresponding to
the formation of the MC-cis isomerization state (Fig. 13B). The absorption of spiropyran at

350 nm and UV and VIS light irradiations induce slight absorption changes correlating with
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SP-MC isomerization, as shown in Fig. 14. Therefore, the significant absorption changes at
350 nm of SPSAB composed of spiropyran and azobenzene upon light irradiation is due to

Trans-Cis photo-isomerization of the azobenzene moiety (Fig. 13A and B).
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Fig. 12: Photo-isomerization of the Spiropyran- Sulfonated Azobenzene (SPSAB). The
newly designed and synthesized photochromic inhibitor SPSAB for kinesin Eg5 was composed
of spiropyran and sulfonate groups containing azobenzene. Theoretically, it had the possibility
to show four possible isomerization states like SP-trans, SP-Cis, MC-trans and MC-cis.
However, practically in the physiological condition, just three isomerization states were
achieved, such as SP- Trans, MC-cis and MC- Trans by the Visible light (VIS), Ultraviolet

(UV) light irradiation or incubation in the dark, respectively, as shown in this figure.
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Interestingly, the spiropyran moiety of SPSAB exhibited reverse photochromism in the
dark at 30 mM Tris- HCI (pH 7.5) buffer, resulting in the formation of the third isomerization
MC-trans state (Fig. 13C). However, | could not achieve SP-cis isomerization by light
irradiation or other stimulations under physiological conditions. From the spectral changes, |
demonstrated the three combined isomerization states of SP-trans, MC-cis, and MC-trans by

light irradiation or incubation in the dark.

A osf Trans VIS irradiation
(SP- Trans state)
3
5
L
S
3
<
300 350 400 450 500 550 600
Wavelength (nm)
VIS In the dark
uv VIS
B ) C
o8} G UV irradiation 0sf e e ik
N {MC- Cis state) N _
. l Inthe dark o6 (MC- Trans state)
£ — ZJo4
Q Q
V
2 y 2 o2}
0 L s . ) . L . of | ) ) . . - :
800 350 400 450 500 550 600 300 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Fig. 13: Measuring the change of absorbance spectrum of synthesized SPSAB. Three
iIsomerization states of SPSAB were formed to illustrate SP- Trans (VIS), MC- Cis (UV) and
MC- Trans (In the dark) respectively. In this experiment, 78 uM SPSAB was dissolved in 30
mM Tris HCI (pH 7.5) and the absorption spectrum was measured under visible light, UV light
(366 nm) and in the dark respectively. (A) In the visible light condition (irradiation time 0-15

min), it formed SP-trans isomerization, and a peak appeared around 350 nm. (B) Under UV
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(irritation time 0-15 min), it became MC-cis isomerization, and the peak was appeared around
530 nm. (C) Finally, in the dark (irradiation time 0-21 h), it became an MC-trans isomerization,
and the peaks appeared around 350 nm and around 530 nm. Typical three-state absorption

spectra were observed.

0.8
; - = = MCisomer {(SPCOOH}

........... SP isomer (SPCOOH)

0.6

Trans- SP isomer {(SPSAB)
- — Cis- MCisomer (SPSAB)

o
B
T

Absorbance

ot
N
T

'] [ |
300 400 500 600

Wavelength {nm)
Fig. 14: Comparison of the spectral changes of SPCOOH and SPSAB correlating with
iIsomerization. It was compared to confirmthe spectrum change of Sulfonate Azobenzenewith
SP-COOH and SPSAB. In this figure, dash line (-----) and dotted line (---) indicate
Merocyanine (MC) and Spiro (SP) SP-COOH. On the other hand, plain line (—) and dash
dotted line (— - —) indicate Trans and Cis isomer of SPSAB. Itis clear that the dash line and
the dotted line overlap with each other at 350 nm. However, the plain line and the dash dotted
line showed significant changes between them. Therefore, the difference in the spectrum from
the plain line to the dash dotted line indicate the isomerization change from Cis to Trans or

from Trans to Cis for azobenzene derivatives.
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Photo-control of the SPSAB inhibitory activity on the basal Eg5 ATPase

The inhibitory activities of SPSAB in the three isomerization states of SP-trans (V1S),
MC-cis (UV), and MC- trans (in the dark) were examined on the basal ATPase activity of Egh
without microtubules. As shown in Fig. 15A, the three SPSAB isomers inhibited basal ATPase
activity in a concentration-dependent manner with different inhibitory activities. The half-
maximal inhibitory concentrations (1Csp) for the three isomerization states were estimated. The
SP-trans isomer showed the highest inhibitory activity at an ICso value of 30 uM. In contrast,
MC-cis had the lowest ICs value of 86.0 uM among the three isomers. The ICsy 0of MC-trans
was 38.7 UM and the middle value between SP-trans and MC-cis. It was demonstrated that

each isomer of SPSAB exhibits Eg5 basal ATPase activity with different inhibitory activities.
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Fig. 15: Photo-regulation of Kinesin Eg5 ATPase using three state isomerization of

SPSAB. (A) Dose-dependent inhibition of basal Eg5 ATPase activities by SP-trans (O), MC-

cis ( A), and MC-trans ( 4 ) of SPSAB (0-150 uM) in 0.5 uM Eg5, 20 mM HEPES-KOH

(pH 7.2) containing 50 mM KCI, 2 mM MgCl,, 0.1 mM EDTA, 0.1 mM EGTA and 1.0 mM

B -mercaptoethanol, and 2.0 mM ATP at 25°C, 15 min. (B) Dose-dependent inhibition of MT
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dependentEg5 ATPase activities by SP-trans (O ), MC-cis ( 2\ ) and MC-trans ( 4 )of SPSAB

(0-200 pM) in 0.1 uM Eg5, 3uM MT, 20 mM HEPES-KOH (pH 7.2) containing 50 mM KCl,
2 mM MgCl;, 0.1 mM EDTA, 0.1 mM EGTA and 1.0 mM B-mercaptoethanol, and 2.0 mM
ATP at 25°C, 15 min. Results of the three independent experiments are presented as mean *

SD (error bar).

Photo-control of the SPSAB inhibitory activity on microtubule-stimulated Eg5 ATPase

| also examined the inhibitory activity of SPSAB on microtubule (MT) - stimulated
ATPase activity amongthe three states. Asshown in Fig. 15B, microtubule-stimulated ATPase
activity was also inhibited by the three SPSAB isomers in a concentration-dependent manner
with different inhibitory activities for each isomer. Interestingly, for all three isomers,
concentration-dependent inhibitory activities exhibited bi-phase alterations. At lower
concentrations of SPSAB from 0 to 60 uM, there was a slow decrease in ATPase activity. On
the other hand, at more >60 uM, a rapid decrease in ATPase was observed, accompanied by an
increase in the concentration of SPSAB. The first phase may be due to the binding of SPSAB
to the subsite, where it has a relatively high affinity for SPSAB but has no influence on the
ATPase activity by binding of SPSAB. At higher concentrations of SPSAB, the three
isomerization states clearly showed different inhibitory activities in a dose-dependent manner.
The order of the inhibitory activities among the three was the same as the inhibitory activities
in the basal ATPase. The most potent inhibitory activity was shown by the SP-trans
iIsomerization state atan ICsp value of 79.1uM. The I1Cs of the MC-trans and MC-cis isomers
were 83.3 uMand 121.5 uM, respectively. The effectivethree-step photocontrol of Eg5 activity
was achieved by the isomerization of SP- trans, MC- cis, and MC- trans of SPSAB in the range

of 90-120 pM.
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The influence of SPSAB on the interaction between Eg5 and MTs was also examined. |
measured the MT concentration-dependent ATPase activity of Eg5 in the presence of the three
iIsomerization states of SPSAB. The Vna values of the three isomers were almost the same,
~60% of Va in the absence of SPSAB. SP-trans showed a slightly higher V. than the other
two states, as shown in Table 3. On the other hand, the three isomers clearly exhibited different
KwmTS, as shown in Table 3. The SP-trans isomer significantly decreased Eg5 affinity for MTs
with a Kyt of 5.5 uM. Interestingly, ATPase inhibition of dose dependent MTs with the SP-
trans isomer showed a sigmoidal shape (Fig.16). Previously, the similar phenomena observed
on the Eg5 inhibitor composed of the two spiropyran molecules, DSPPA (25). The sigmoidal

shape may be induced by the spiropyran moiety of SPSAB.

Table3. Calculation of VFg,, and Ky values of Eg5 ATPase in
the presence of three isomerization states of SPSAB

Inhibitors (isomerization) Foax (571 Ky (UM)

Control (DMF) 10,24 = 0.36 1.58 0.2

MC-cis (UV) 6.63 0.6 253+06

MC-trans (in the dark) 6,78 = 1.97 4,51 =225

SP-trans (VI15) 1.1 =056 3.9 = 0.65
@ MC-Trans ) 4

8 | OSPTrans  _ e

ATPase activity (s%)

0 2 4 6 8
[Microtubule] (uM)
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Fig. 16: Microtubule-stimulated ATPase activity in the presence of three isomerization
states. Inhibitory effect of SPSAB photoisomers on the interaction between Eg5 and
microtubules. The microtubule dose-dependent ATPase activities in 0.1uM Eg5, 0-8 uM

microtubule, 20 mM HEPES-KOH (pH 7.2), 50 mM KCl, 2 mM MgCl, 0.1 mM EDTA, 0.1

mM EGTA, 1.0mM J -mercaptoethanol, 2.0 mM ATP, 5% DMF in the presence of 110 uM of

SP-trans (O ),MC-cis ( A\ ) and MC-trans ( ) of SPSAB and in the absence of SPSAB (x).

From the data, it concluded that the optimal conditions for SPSAB to control the MT-
dependent ATPase activity as a three-step photo-switch is 90-120 uM SPSAB in the presence

of 2-4 uyM MTs (Figs 15B and 16).

Photo- regulation of Eg5 motor activity with SPSAB

| also examined the effect of the three SPSAB isomers on Eg5 motor activity. An in
vitro motility assay using fluorescently labeled microtubules was performed according to
established methods as described in the Materials and Methods section. The gliding velocity
of the MTs on the Eg5 adsorbed glass surface in flow cells was measured in the presence of
the three isomers. In the absence of the SPSAB isomer (control), the average MT gliding
velocity was 10.78+1.47nm/s, as shown in (Fig.17A). In the presence of the SP-trans isomer,
the average velocity of MTs clearly slowed down to 8.47+1.1nm/s (Fig. 17B). The histogram
of the velocity in the presence of MC-cis showed a slightly broader distribution in the range
from control to SP-trans with the MTs gliding average velocity being 10.01+1.78 nm/s, as
shown in Fig. 17C. The MC-cis isomer showed a middle value of average velocity of 9.56+0.5

nm/s compared with those of the other two isomers.
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The experimental data clearly suggest that the ATPase and motility activities of mitotic
kinesin Eg5 are controlled photo reversibly by the novel photochromic Eg5 inhibitor SPSAB,

which exhibits three different isomerization states.
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Fig. 17: Observation of the effect of SPSAB on Eg5 motor activity using fluorescence
microscopy in vitro motility assay. (A) In the absence of SPSAB (Average velocity 10.781 +
1.47 nm/s, n=33); (B) In the presence of 110 uM SP- trans (SPSAB) (Average velocity 847 +
1.1 nm/s, n=62; (C) In the presence of 110 uM MC- cis (SPSAB) (Average velocity 10.01 £
1.78 nm/s, n=44); and (D) In the presence of 110 uM MC- trans (SPSAB) (Average velocity

9.56 +£0.5 nm/s, n=17).
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Mix motor gliding assay

In the presence of both kinesin 1 and Eg5, the mixed motor gliding assay was done (Fig.18).
In the mix motor assay, the velocity of Kinesin 1 was 10-fold faster than the kinesin Eg5.

However, Kinesin Eg5 has a crucial role to increase or decrease the velocity of Kinesin 1.
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Kinesin is anchored

Chen GY. et al (2017) 1 to slid glass
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Fig. 18: Mixed-motor gliding assay reveals where inhibitor affect to the ATPase cycle.

(Chen, G. Y., Kang, Y. J., Gayek, A.S., Youyen, W., Tiizel, E., Ohi, R., & Hancock, W. O. (2017). Eg5 inhibitors have contrasting effects on
microtubule stability and metaphase spindle integrity. ACS chemical biology, 12(4), 1038-1046.)

In the control experiment, both kinesins were in normal condition and did not show any
significant change in their velocity (Fig.18). In the presence of BRD9876, it showed slow
velocity due to inhibition of ATP-binding state where Kinesin Eg5 strongly attached to the
microtubules. However, in the case of STLC, the opposite event observed due to its ADP-

binding inhibition where Kinesin Eg5 detached from the microtubules.

39



STLC

(a2, a3 helix and

loo-L5 pocket)

L5 final s\a(

Fig. 19: Eg5 inhibitors affect to difference ATPase cycle (chen, G. V., Kang, Y. J., Gayek, A. S,
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It has been reported that Eg5 inhibitor STLC inhibits the ADP release state and another
inhibitor BRD9876 inhibits the ATP binding state (Fig.19). Therefore, using this method, it is

possible to clarify thatthe photochromic inhibitor SPSAB inhibits which state of ATPase cycles.
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Fig. 20: Motor activity of Eg5 was evaluated by MT gliding Assay with combination of K560 -
CaM. The condition of the assay is - Motility buffer (10mM Tris-HClpH 7.5, 50mM K-Acetate, 4mM
MgS04, 2.5mM EGTA), ImM beta-mercaptoethanol and 20 pM Taxol. SPSAB 100 uM (VIS & UV)
irradiated for 10 mins. In the dark — irradiated for over 24 hrs. 0.6uM conc. of Eg5 and K560-CaM,
Negative Control (DMF), positive control BRD, STLC (100uM) , Rhodamine- tubulin(5mg/ml),
MAPS-Free tubulin (4mg/ml).



The method of mixed motor assay has already been explained in the methods and
materials part of this thesis. In this assay, two types of control were used such as- negative
control DMF and positive control BRD 9876 and STLC. The result demonstrated that SPSAB
inhibited Eg5 ATPase at ADP state in an ATPase kinetic pathway like STLC as shown in Fig.

20.
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Discussion

The aim of this study was to develop novel photochromic kinesin Eg5 inhibitors using
photochromic compounds that form three isomerization states photo-reversibly to control Egh
function precisely, i.e. in a strong, medium, and weak way. Such a functionally controlled Egs
might be applicable to cancer therapy due to its controlled medicinal effect on the patient’s
condition (Fig.8). The mitotic Kinesin Eg5 is the target for cancer therapy and has been the
focus of research because specific potent inhibitors have been found for Eg5. Interestingly,
although the structures of the inhibitors are not well conserved, the inhibitors share the same
binding pocket composed of loop LS5, helix a2, and helix a3 near the nucleotide binding site
(15). The only common structural characteristic among the typical potent Eg5 inhibitors is that
the inhibitors contain aromatic rings linked by rotatable single bonds with localized polar
functional groups. The information brought about the idea of creating novel photoresponsive
inhibitors composed of photochromic molecules. Generally, photochromic compounds are
composed of complex aromatic rings (17). In fact, some of the photochromic molecules are
structurally like typical Eg5 inhibitors. For example, the partial structure of spiropyran
resembles ispinesib, which is a potent inhibitor of Eg5. Therefore, it is expected that the
photochromic compounds, one of isomers of which mimic the Eg5 inhibitor more effectively

than the other one, may exhibit a photo-reversible inhibitory effect on Eg5.

Previously, in our laboratory, we have successfully demonstrated that the azobenzene
and spiropyran derivatives exhibit photo-reversible two state inhibitory activities on Eg5
ATPase and microtubule gliding. We designed and synthesized a photochromic Eg5 inhibitor,
ACTAB, composed of azobenzene, which mimics the well-known potent inhibitor STLC.
ACTAB had azobenzene inserted into the position between the triethyl group and the cysteine

of STLC. ACTAB showed different inhibitory activities correlating to its cis-trans as a photo-
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isomerization. Therefore, the azobenzene derivative that mimics the potent Eg5 inhibitor has
been shown as a photoswitch to control kinesin Eg5. However, the difference in the inhibitory
activities between the two cis and trans isomerization states of ACTAB was not significant
(23). Subsequently,photochromic inhibitors composed of two spiropyrans or two azobenzenes,
were synthesized to achieve highly efficient photo switching due to the drastic structural
changes induced by the double isomerizations. As expected, 2,3-bis[2,5-dioxo-{4-[(E)-2-
phenyldiazen-1-yl] phenyl}pyrrolidine-3-yl)sulfanyl]butanedioic acid (BDPSB), which is
composed of two azobenzenes, exhibited highly efficient photo-switching, and showed

“switch ON and OFF” behavior with VIS and UV light irradiation (24,25)

However, the photochromic inhibitors exhibited two state inhibition, i.e. strong and
weak switches. To achieve more multiple states, | utilized the method of couplingtwo different
photochromic compounds together to synthesize a photochromic inhibitor. The hetero
combination of photochromic molecules enables the formation of >2 isomerization states.
General photochromic molecules exhibit isomerization between two different states. Coupling
the differentphotochromic molecules theoretically generates four differentisomerization states.
There are various types of photochromic compounds applicable to photochromic inhibitors.
For instance, Fulgide and Diarylethene, exhibit open and close ring isomerization depending
on the light irradiation. Spiropyran isomerizes between the highly polar open ring zwitterion
of the merocyanine isomer and the hydrophobic closed ring of the spiro isomer. Azobenzene
changes its shape drastically by well-known cis and trans isomerization (17). The appropriate
combinations selected from the photochromic molecules and their specific chemical
modification might provide the photochromic Eg5 inhibitor, which exhibits effective multiple
step photoswitching. However, the size and the characteristic properties of molecules

composed of photochromic molecules to fit as Eg5 inhibitors are restricted.
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In this study, | employed a combination of spiropyran and azobenzene to synthesize a
heterodimer Eg5 inhibitor based on our previous studies on the Eg5 inhibitor composed of a
homo dimer of spiropyran or azobenzene (24,25). The synthesized SPSAB with the
combination of spiropyran and azobenzene derivatives carries sulfonate groups at the
azobenzene to increase the solubility of SPSAB. Although four isomerization states of SPSAB
(SP-trans, SP-cis, MC-trans and MC-cis) are theoretically possible, | observed isomerization
among the three isomers- SP-trans, MC-trans and MC-cis states but not the SP-cis state (Fig.
13). Visible light (VIS) and UV light irradiation induce SP-trans and MC-cis isomers,
respectively. In the dark, azobenzene exhibits thermo dependent cis to trans isomerization, and
spiropyran showed reverse photochromism in the SP state to the MC state in the aqueous buffer
solution, resulting in the MC-trans state. Therefore, at this stage, it is impossible to generate
the SP-cis state through light and thermal stimulations. If azobenzene and spiropyran
derivatives are developed with specific and different wavelengths in the VIS range to exhibit

“cisto trans” or “MC to SP” respectively, it would be possible to generate the SP-cis state.

The three isomerization states of SPSAB successfully exhibited different inhibitory
activities (Fig.15 and 16). The inhibitory activity of SPSAB of SP-trans isomer for the basal
and MT dependent ATPase activity of Eg5 exhibited potent1Csq values, whereas MC-trans and

MC-cis exhibited medium and weakly 1Cs; values.

However,amongthe three isomerization reactions of SPSAB, it is notable thatthe value
of Vmax Was not influenced, whereas it decreased the affinity of Eg5 for MTs in MT-dependent
ATPase (Fig. 16). Hence, all the isomerization reactions of SPSAB might have an allosteric
binding site on Eg5, where the MT binding site was affected. In the presence of SP- trans, a
sigmoidal curve was observed in MT-dependent ATPase of Eg5. This indicates the presence

of allosteric binding sites of Eg5 such as MT-binding regions a4 and a6.
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Moreover, in the presence of the SP-trans isomer, the MT gliding velocity was
significantly reduced due to the dissociation of MTs from Eg5, asshown in the in vitro motility
assay (Fig. 17). On the other hand, in the MC- trans and MC-cis isomers, the dissociation of
MTs was not prominent and reduced the velocity as mediumly and weakly. In Fig. 20, the
mixed motor motility assay result demonstrated that the inhibitory behaviors of SPSAB are
similar to well-known Eg5 inhibitor STLC. Therefore, this study proved that the photochromic
molecules are valid as a photo-switching device to control the inhibitory activity of the mitotic

kinesin Eg5 inhibitor.
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Conclusion

I have shown that the novel photo-responsive kinesin Eg5 inhibitor, SPSAB, forms
three isomerization states, SP-trans (VI1S), MC-cis (UV), and MC- trans (in the dark). The
photochromic inhibitor SPSAB significantly affected the activity of Eg5. Most importantly,
the formation of three states was achieved to control Eg5 precisely. It is expected that the three

states of SPSAB may provide more options for the treatment of cancer.
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Chapter 3

Kolaflavanone, a biflavonoid derived from medicinal

plant Garcinia, is an inhibitor of mitotic kinesin Eg5
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Introduction

Kinesin Eg5 is a homotetrameric motor protein that moves towards the plus-end of
microtubules in cells and plays essential roles in cell division through the formation of mitotic
spindles and maintenance of spindle bipolarity (28-33). In dividing cells, replicated cellular
materials (DNA) are usually separated into new (daughter) cells by a complex process
involving the mitotic spindles. Selective inhibition of Eg5 disturbs the formation of functional
spindles and normal chromosomal separation with a concomitant formation of monopolar
spindles in tumor cells, causing mitotic cell arrest or apoptosis (34-39). Therefore, Eg5 has
beenrecognized asan importanttarget for antimitotic agents in cancer treatment. An advantage
of targeting Eg5 lies in the peculiar structural characteristics of the protein—an elongated
loop5—that enhances the selectivity and affinity of its inhibitors. In addition, the protein is
reportedly absent in the adult human central nervous system, which indicates that inhibition of

Eg5 may not lead to neurotoxicity (40,41).

Eg5 inhibitors have been identified from both natural and synthetic sources which
shown in several studies. Monastrol, S-trityl-L-cysteine (STLC), and ispinesib are some
examples of synthetic small molecule inhibitors of the Eg5 (36, 42, 43). Nevertheless, the
natural sources of Eg5 inhibitors remain relatively less explored. Only a few natural Eg5
inhibitors are known with therapeutic benefits and biologically active compounds, such as
gossypol, terpendol E, and adociasulfate-2 (36, 44, 45). Medicinal plants are an essential
component of natural remedies, which are constantly being researched for their positive
medicinal value and biologically active compounds. Garciniaspeciesare well-known for their
strong biological activity in a variety of experimental fields. As the primary phenolic
component, a yellowish extract known as kolaviron was extracted from the nuts of Garcinia

kola (46). A wide range of pharmacological activities, including antioxidant, hypoglycemic,
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radio-protective, anti-inflammatory, hypolipidemic, antibacterial, hepatoprotective, analgesic,
gastroprotective, neuroprotective, and anticancer effects have been reported for kolaviron over

the years (47-52).

The active chemicals in kolaviron, Garcinia biflavonoid (GB) 1, GB 2, and
kolaflavanone (KLF), have been discovered as bioflavonoids. This is not surprising, as most
biflavonoids are physiologically active and show higher therapeutic efficacy than their
corresponding monoflavonoids (53). Anticancer action has been observed in biflavonoids from
a variety of plants, although the molecular targets and underlying mechanisms for this effect
have remained poorly studied (54-56). Notably, Kolaviron showed anti-proliferative and anti-
angiogenic properties invivo, along with favorable benefits in the treatment of benign prostatic

hyperplasia (57,58).

Morelloflavone, another biflavonoid analogue, has already been shown to inhibit Egb
(59). KLF is a biflavonoid having a structural resemblance to morelloflavone. As a result, it
may also inhibit the ATPase function of Eg5. Reports have shown the inhibitory effect of KLF
against tyrosinase (60), as its interaction with serum albumin and aldehyde dehydrogenase, a
key enzyme in detoxification processes (61, 62). However, the biochemical analysis of KLF
interaction with Eg5 has not been performed. As a result, | investigated the influence of KLF
on Egs ATPase and motility activities. The data presented in this study demonstrate the

allosteric inhibition of Eg5 ATPase and microtubule-gliding activity of Eg5-KLF interaction.
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Materials and methods

In vitro experimental procedure

Chemicals

KLF was Kindly provided by Dr. Kolawole of the Federal University of Technology,

Akure, Nigeria (62, 63). All other chemicals used in the study were of analytical grade.

Kinesin Eg5

Recombinant Eg5 was prepared as previously described (64). Briefly, cDNA of mouse
Eg5 motor domain (wild type [WT], residues 1-367) was amplified by polymerase chain
reaction (PCR) and ligated into the pET21a vector. The WT Eg5 expression plasmids were
used to transform Escherichia coli BL21 (DE3) cells. Egs WT was then purified with a Co-
nitrilotriacetic acid column, which was washed with lysis buffer containing 30 mM imidazole.
Bound Eg5 was eluted with lysis buffer containing 150 mM imidazole. The obtained fractions
were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
whereas dialysis of purified Eg5 was performed using a buffer containing 30 mM Tris-HCI
(pH 7.5), 120 mM NaCl, 2 mM MgCl,, 0.1 mM ATP, and 0.5 MM DTT. Finally, the purified

Eg5 was stored at -80°C until further use.

Tubulin purification and polymerization

The tubulin used in this study was purified from the porcine brain as originally
described by Hackney (65) and stored at -80°C until further use. Tubulin was polymerized at
37°C for 30 min using a buffer containing 100 mM Piperazine-1,4-bis(2-ethanesulfonic acid)
(PIPES; pH 6.8), 1 mM O,O -bis(2-aminoethyl)ethyleneglycol- N,N,N’, N -tetraacetic acid

(EGTA), 1 mM MgCl,, and 1 mM GTP. Taxol was added at a final concentration of 10 mM.
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Polymerized microtubules were then collected after centrifugation at 280,000 x g for 15 min
at 37°C. After discarding the supernatant, the microtubule pellet was dissolved in a buffer
containing 100 mM PIPES (pH 6.8), 1 mM EGTA, 1 mM MgCl;, 1 mM GTP, and 10 mM

taxol.

ATPase assay

ATPase activity was measured at 25°C in an ATPase assay solution (20 mM HEPES-
KOH [pH7.2] containing 50 mM KCI, 2 mM MgCl;, 0.1 mM EGTA, 0.1 mM EDTA, and 1.0
mM B-mercaptoethanol) using 0.5 uM Eg5 (for basal ATPase activity) or 0.1 uM Eg5 (for
microtubule-activated ATPase activity). To measure the inhibitory activity, Egs was pre-
incubated for 5 min and 20 min in the presence and absence of 3.0 UM microtubules,
respectively, and supplemented with 0—250 uM KLF dissolved in DMF. ATPase activity was
initiated by adding 2.0 mM ATP, terminated after 5 (MT-activated ATPase) and 20 min (basal
ATPase) by adding 10% trichloroacetic acid (TCA), and estimated based on inorganic
phosphate (Pi) released into the supernatant, as quantified by the Youngburg method (66), as
described by Ogunwa et al. (60). To assess the effects of KLF on microtubule-dependent
activity, ATPase turnover was also measured in the presence of 100 uM KLF and 0-12 uM

microtubules.

Microtubule-gliding assay

The motor activity of kinesin Eg5 was investigated by performinga microtubule gliding
experiment (64, 67). For the microtubule-gliding assay, rhodamine-labeled tubulin was
prepared and mixed with unlabeled tubulin ata ratio of 1:5 and left to polymerize for 40 min
at37°Cina buffersolutioncontaining100 mMPIPES, 2 mM EGTA, and 1 mM MgSO4. Taxol
was then added at a final concentration of 20 uM. Next, coverslips were coated with anti-6x

histidine monoclonal antibody (Wako) in an assay solution containing 10 mM Tris-acetate (pH
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7.5),2.5 mM EGTA, 50 mM K-acetate, and 4mM MgSO,. Then, the flow chambers were
flushed with 0.1 uM Eg5 in assay solution A (10 mM Tris-acetate [pH 7.5], 4 mM MgSQO,, 50
mM potassium acetate, 2.5 mM EGTA, 0.5 mg/mL casein, and 0.2% B-mercaptoethanol) and
incubated for 5 min at 25°C. The chamber was then washed with rhodamine-labeled
microtubules in assay solution B (20 mM taxol added to assay solution A) and incubated for 2
min. Subsequently, assay solution B was flushed through the chambers, followed by 150 uM
KLF and 1.0 mM ATP in assay solution C (assay solution B, 1.5 mg/mL glucose, 0.05 mg/mL
glucose oxidase, and 0.01 mg/mL catalase). Lastly, rhodamine-labeled microtubules were
visualized using an Olympus BX50 microscope equipped with a charge-coupled device (CCD)

camera (LK-TU53H, Toshiba, Japan).

In silico modeling

Protein preparation

The starting coordinates for Eg5 were retrieved from the RSCB Protein Data Bank
(http://www.rcsb.org/pdb, PDB ID: 3KEN), which correspond to Eg5 with ADP and STLC
bound to the nucleotide-binding and allosteric sites, respectively. Ligands and crystallographic

water molecules outside these binding sites were deleted before molecular docking studies.

Ligand selection, preparation, and optimization

The 2D chemical structure of KLFwas obtained from the reportof Kolawole etal. (62),
and the 3D structure was retrieved from the NCBI PubChem compound database

(http://www.ncbi.nlm.nih.gov/pccompound).
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Molecular docking

Ligand docking and binding site analyses were performed using the AutoDock Vina
suite in PyMol (68, 69). In brief, blind docking was performed with grid parameters x = 200, y
= 200, and z = 200 to ensure that all available binding pockets in Eg5 are accessible to KLF,
with sufficientroom for full ligand rotation and translation. The spacing betweenthe grid points
was maintained at 0.375 A. While the rotatable bonds in the ligand were not restrained, the
protein molecule was treated as a rigid structure. Multiple docking runs were performed for
each ligand with the number of modes setto 10 to achieve more accurate and reliable results.

The binding energies were estimated for the best fit.

Molecular dynamics simulation

The Eg5-KLF complex obtained from molecular dockingwith the best fit was subjected
to atomistic simulation experiments using Groningen Machine for Chemical Simulations
(GROMACS) version 5.0, with an AMBER99SB-ILDN force field (70, 71). As control
experiments, apo Eg5 (without any ligand), Eg5-ADP, and Eg5-ATP complexes were also
subjected to atomistic simulations. First, the ligands were parameterized using the
AnteChamber PYthon Parser interfacE (ACPYPE). The protein-ligand biosystems were then
prepared using the parameters in the gro files of both proteinand ligands, which were merged
and placed atthe center of abox atadistance of 2.0 nm away fromthe box wall in all directions.
Solvation of the biosystems with a transferable intramolecular potential three-point (TIP3P)
water model was performed, followed by neutralization using Na*/Cl- ions (0.15 M).
Minimization was performed using the steep-descent algorithm (50,000 steps). Equilibration
was performed using a leapfrog integrator for equations of atomic motion with time-steps of 2
fs at a constant number of particles, volume, and temperature (NVT) and 1 ns at a constant

number of particles, pressure, and temperature (NPT) conditions. The temperature was
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maintained at 300 K using the Berendsen thermostat algorithm, and the Parrinello-Rahman
barostat algorithm was used to maintain the pressure at 1 bar. During these steps, protein and
ligand, as water and ions, were coupled to their temperatureand pressure, while a full positional
constraint was imposed on the heavy atoms in all directions using the linear constraint solver
(LINCS) algorithm for bond constraint (72). The particle-mesh Ewald (PME) summation
scheme was used to estimate the long-range electrostatic interactions, and each cut-off distance
was maintained by the Verlet scheme. The van der Waals interactions were monitored at 10 A.
Based on evidence from the literature (73), unrestrained production phase simulation for 100

ns was performed on each of the biosystemsat pH 7.0.

Data analysis

ATPase activity was plotted against the KLF concentration to obtain 1Csy values. Data
from biochemical experiments are reported as the mean + standard deviation (SD). Significant
differences between groups were tested using Welch’s t-test or Student’s t-test. Protein-ligand
complexesand molecularinteractions were createdusing PyMol. GROMACS in-built analysis
tools (g_rmsd, g_Rg, and g_dist) were used. The MD trajectory was visualized using visual
molecular dynamics (VMD). Similarly, the water density was calculated using the VVolmap

plugin in VMD.
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Results and Discussion
KLF inhibits Eg5 ATPase activity

Fig. 21 shows the chemical structure of KLF, a biflavonoid constituent of kolaviron. The
compound is comprised of apigenin and 4-methyl-quercetin. To ascertain the potential of KLF
to interact with kinesin Eg5 and inhibit its function, the basal ATPase activity was measured

in the absence of microtubules at various concentrations (0—250 uM) of KLF.

Fig. 21: Chemical structure (2D and 3D) of kolaflavanone (KLF).

As shown in Fig. 22A, KLF inhibited the basal ATPase function of Eg5 in a dose-
dependent manner with an 1Cso value of 98 uM. Next, | evaluated the effect of KLF on the
microtubule-activated ATPase activity of Eg5. The results revealed a concentration-dependent
inhibition with an 1Cso value of 125 uM (Fig. 22B). The inhibitory activity of KLF on the basal
ATPase activity of Eg5 was more potent than that of microtubule-activated activity, indicating
that microtubules moderate the inhibitory potency of KLF. The difference in the ICs, of basal
and microtubule-activated ATPase activities iscompatible with thatreported for monastrol, the
first Eg5 inhibitor discovered (74). Relative to known Eg5 inhibitors derived from natural

products, KLF displayed a higher ICsq value.
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Fig. 22: Effect of kolaflavanone (KLF) on the in vitro ATPase activity of Eg5. (A) Basal
Eg5 ATPase activity measured in 20 mM HEPES-KOH (pH 7.2), containing 50 mM KClI, 2
mM MgCl,, 0.1 mM EGTA, 0.1 mM EDTA, 1.0 mM B-mercaptoethanol, and 0.5 uM Eg5. The
reaction was initiated by adding 2.0 mM ATP, and ATPase activity was measured for 20 min
at 25°C in the presence of 0—250 uM KLF. Data were collected from three independent
experiments. (B) Microtubule-activated Eg5 ATPase activity was measured for 5 min at 25°C

in the presence of 3.0 uM microtubules, 0.1 uM Eg5, and 0-250 uM KLF.

This suggests that the potency of KLF is lower than that of inhibitors like terpendole E
(1Cs0 23 uM, 45), gossypol (ICso 10.8 UM, 44), and adociasulfate-2 (1Cs 3.5 uM, 46) but like
that of morelloflavone (ICso 98 pM, 60). The basal ATPase ICsy value of morelloflavone was
higher than that of microtubule activated I1Cso. Conversely, KLF displayed a lower ICs, value

for basal than microtubule activated ICs in the ATPase assay (60).
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KLF suppresses motor gliding of Eg5 on microtubules

Further, I investigated the effect of KLF on Eg5 gliding along fluorescently labeled
microtubules. Eg5 motor activity on microtubules was suppressed within 900s at varying
concentrations of KLF (0-150 uM) (Fig. 23A). The gliding velocity of Eg5 was reduced to
4.20 £1.00 nm/s in the presence of 100 uM KLF relative to that recorded for the control (9.02
+ 1.4 nm/s) in the absence of KLF. The velocity of Eg5 was further reduced to 3.7 £1.0 nm/s
when KLF concentration was increased to 150 uM. These observations suggest the potential
of KLF in blockingthe movement of Eg5 along microtubules, and the results are consistent

with previous reports indicating the ability of inhibitors to block Eg5 motor function (75, 76).
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Fig. 23: Effect of kolaflavanone (KLF) on the motility of Eg5. (A) Effect of KLF on Eg5 motor
function in the absence of KLF and the presence of 100 and 150 uM KLF. (B) Determination of the
number of microtubules before and after applying ATP in the flow cell. Data were collected from three
independent experiments. The motility of Eg5 was measured in a solution containing 10 mM Tris-HCI
(pH 7.5), 50 mM potassium acetate, 4 mM MgCl,, 2.5 mM EGTA, 1.0 mM B-mercaptoethanol,
20 pM taxol, 0.15 pM rhodamine-labeled microtubules, and 0.6 pM Eg5. The movement of
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rhodamine-labeled microtubuleswas initiated by adding 1.0 mM ATP and was observed for

900 s at 25°C using fluorescence microscopy.

Compared to morelloflavone, our results suggest a 3-fold motility suppression of Egh
at 100 uM KLF. At 150 uM KLF, the Eg5 velocity was suppressed by 41%. However,
morelloflavone suppressed Eg5 velocity by 47.2 % at a higher concentration of 250 M (60).
| observed that the suppression of Eg5 velocity by KLF was associated with a decrease in the
number of microtubules (Fig. 23B). By increasing the concentration of KLF, it appears that
the biflavonoid induces dissociation of microtubules from Eg5. To confirm this observation, |
determined the number of microtubules before and after ATP application in the flow cell. The

results suggested that KLF induces microtubule dissociation, as shown in Fig. 23B.

Interaction mechanism between kinesin Eg5 and KLF

To gain more insights into the interaction between KLFand Eg5, includingthe possible
binding site on the motor domain of Eg5, I investigated whether KLF competes with ATP at
the nucleotide-binding pocket. The concentration of ATP was increased from 0 to 250 pM in
the absence of microtubules, whereas the concentration of KLF was fixed at 100 puM, which
was chosen based on its ICs in the basal ATPase activity. As shown in Fig. 24A, KLF does
not directly compete with ATP binding at the nucleotide-binding (active) site. The Vyax for
ATP was reduced from 3.37 £ 0.37 st in the absence of KLFto 2.47 + 0.55 s-1 in the presence
of 100 uM KLF. However, the K, for ATP (35.77 uM) in the absence of KLFwas very similar
to that at 100 uM KLF (35.23 uM). Indeed, the K, of ATP obtained for Eg5 in this study is
compatible with that reported by Cochranetal. (43,70) and Lad et al. (42). These data suggest
that KLF inhibits Eg5 via a noncompetitive mechanism rather than a competitive mechanism
in which an inhibitor is expected to increase Ky, without altering the Vimax (73, 76). Similarly, 1

evaluated the ATPase activity of Eg5 in the presence of 100 uM KLF while varying the
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microtubule concentration from 0 to 12 uM (Fig. 24B). The Kyt obtained for microtubule
association of Eg5 in the absence of KLF was 0.98 puM, and the Vi was 31.55 s1. However,

the value of Kyt was increased to 2 UM in the presence of 100 uM KLF, whereas that of Vi

was decreased to 28.38 s1.
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Fig. 24: Effect of kolaflavanone (KLF) on the MT-dependent Eg5 ATPase activity. (A)
The ATPase activity of 0.1 uM Eg5 in the presence of 0.5 uM microtubule and 0 uM (triangle)
and 100 uM (circle) KLF. Data were collected from three independent experiments. (B)

ATPase assay with 0—12 uM microtubules and 100 uM KLF.

Since both Kyt and Vinax for microtubule binding were altered, these results indicate
that the affinity of Eg5 for microtubules was modulated by the presence of KLF, and the
inhibitor did not compete with microtubule binding. The interaction of KLF with the allosteric
pocket of Eg5 might stabilize the bound nucleotide (ADP) and induce the formation of a weak-

binding state, resulting in inhibition of basal and microtubule-stimulated ATPase activity (42).
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Specificity of inhibitory effect of KLF against kinesin Eg5

The inhibitory effect of KLF was mapped out on conventional kinesin (kinesin 1) to
evaluate whetherthe inhibitory effectof KLFis specific to Egs amongthe kinesin superfamily.
As shown in Fig. 25, KLF suppressed the microtubule-activated ATPase activity of kinesin-1
(22%) and Eg5 (62%) at 150uM. The effect was dose-dependent, suggesting that the inhibition
may be caused by the binding of KLF to a similar site on both Eg5 and conventional Kinesin.
However, the affinity of KLF for kinesin-1 was lower than that for Eg5. Previous
crystallographic and computational studies of Eg5 and kinesin-1 have shown that the loop5 is
more elongated in Eg5 than in conventional kinesin (79-82). Since this loop contributes to the
formation of the allosteric binding pocket of Eg5, it may explain the weaker binding affinity

of KLF for kinesin 1.
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Fig. 25: Inhibitory effect of kolaflavanone (KLF) on the ATPase activity of conventional Kinesin
versus Eg5. The microtubule-activated ATPase activity of conventional kinesin (kinesin-1) was
measured in the presence of various concentrations of KLF and compared with Eg5. The ATPase
activities of 0.1 uM motor domain truncated kinesin-1 (1-560 amino acids) or Eg5 were measured in a
solution of 20 MM HEPES-KOH (pH 7.2) containing 50 mM KCI, 2 mM MgCl2, 0.1 mM EDTA, 0.1

mM EGTA, 1.0 mM B-mercaptoethanol, 2.0 mM ATP, 3.0 uM microtubule, and 0-150 uM KLF at
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25°C. Data are representative of three independent experiments and are expressed as the mean *

standard deviation.

Atomistic basis of Eg5-KLF interaction

The results from the kinetics studies suggestthat KLF inhibits Eg5 through an allosteric
mechanism (Fig. 24). To model the plausible binding pattern of KLF on the allosteric pocket
of Eg5, a molecular docking experiment using a blind docking approach was performed to
allow KLF to identify its most preferred binding site. Visual observation of Eg5-KLF complex
generated from the experiment in PyMol revealed that KLF is stably bound to the putative
L5/a2/a3 pocket (L5: Gly117-Gly134, a2: Lys111-Glul1l6 and lle135-Asp149, a3: Asn206-
Thr226) similarly to monastrol, the first known inhibitor of Eg5 (Fig. 26A and B). This
validates the allosteric mechanism of KLF, which is positively correlated with the data from
wet experiments. The L5/a2/a3 allosteric pocket accommodates known inhibitors of Eg5 with
diverse chemical scaffolds, size, and potency (81). Interestingly, Eg5 inhibitors that bind the

L5/a2/a3 pocket is the most investigated because of their selectivity and affinity, as conferred

by the elongated loop5 (L5).
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Fig. 26: Insilico modeling of Eg5-kolaflavanone (KLF) interaction. (A) Binding of known
Eg5 inhibitor (monastrol) to Eg5. (B) Binding of KLF to Eg5. Comparison of binding pattem

of (C)monastroland (D) KLF. (E) Interactingresidues of Eg5 with KLF at the allosteric pocket

These inhibitorsactviaa similar mechanism, involving the induction of conformational
changes in Eg5 to suppress ADP release (42, 43). Comparing the binding mode of KLF with
monastrol, it was observed that both compounds bind to the same pocket on Eg5 (Fig. 26C).
However, the KLF moieties completely occupied the allosteric pocket compared to monastrol
(Fig. 26D). In particular, the so-called “co-operative binding pocket” on the Eg5 allosteric site
was occupied by aromatic rings of KLF, such as STLC and Ispinesib (82-84). However, the
lower potency of KLF compared to the synthetic inhibitors suggest that the degree of
conformational changes inducedatthe nucleotide-bindingsite and other importantregions such
as the microtubule-binding site may underlie the differences in the degree of inhibition rather
than the binding pattern alone (42, 73, 83, 84). In addition, the chemical moieties such as the
sulfanylidene, dihydro-1H-pyrimidine and carboxylate moieties present in monastrol may
contribute to its higher potency. A detailed observation within 4 A of KLF in the allosteric
pocket revealed three hydrogen bonds formed by the hydroxyl groups of Glu118, Tyr211, and
Arg221 (Fig. 26E). Specifically, the amine group of Arg221, the phenolic portion of Tyr211,
and the carboxylic moiety of the Glu118 side chain are involved in the hydrophilic interaction.
These amino acid residues have been reported to stabilize inhibitorsin the L5/a2/a3 pocketvia

hydrogen bond formation (83-85).
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Molecular dynamics studies of Eg5-KLF complex

To further evaluate the stability of Eg5-KLF complexes in the presence of nucleotides
(ATP and ADP), molecular dynamics simulations (MDS) were performed. | modeled five Egh
complexes: Apo-Eg5, Eg5-ADP, Eg5-ATP, Eg5-ADP-KLF, and Eg5-ATP-KLF. The crystal
structure of Eg5 (PDB ID: 3HQD) was adopted as the initial Eg5 coordinates corresponding to
Eg5-ATP complex whereas crystal with PDB ID: 1116 was used for the Eg5-ADP complex. All
missing residues were modeled before the simulations. To generate the Eg5 apo state, the ADP
of crystal structure (PDB ID: 1116) was simply deleted. The Eg5-nucleotide-KLF complexes
used for simulation were generated from the molecular docking experiment. Each biosystem
was subjected to a 100 ns simulation, and the data were analyzed. Visual observation of the
Eg5-nucleotide-KLF complexes throughout the simulation trajectory showed that KLF was
stably resident in the L5/a2/a3 allosteric pocket which is consistent with the result from
molecular docking (Fig. 26B). The root means square deviation (RMSD) values of Eg5 C-a
carbon suggest that the Eg5-KLF complexes in the presence of ADP or ATP were stable and
converged early into the simulation (Fig. 27A). However, the apo-Eg5 complex showed the
lowest stability and achieved convergence at 60 ns. In the presence of KLF, amino acid residues
around the allosteric pocket exhibited rigidity, as inferred from the distance between Lys207
(K207) and Glu128 (E128). This observation correlates with the conformational changes and
dynamics induced by ligand binding in the allosteric pocket (Fig. 27B). Concurrently, apo-Egs
has the highest flexibility in the allosteric binding region, depicting the putative Eg5 behavior

in the absence of ligands.
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Fig. 27: Stability of Eg5-kolaflavanone (KLF) complexesinthe presence of ATP and ADP.
(A) The root means square deviation (RMSD) of Eg5-KLF complexes in the presence of
nucleotides. (B) Effect of KLF on the conformational behavior of Eg5 around the binding

pocket.

Fig. 28 shows the essential dynamics of the Eg5-nucleotide structures under different
ligand conditions. The Eg5 structure comprises numerous loops, a-helices, and B-sheets
(Supplementary fig.1). The spatial arrangement of these unique segments (Fig. 28A) supports
their peculiar role in protein structural flexibility and catalytic function. In this study, KLF
binding to the allosteric pocket of Eg5 altered the essential dynamical behavior of the protein.
Notably, in the apo-Eg5 complex, the loop8, loop10 and B6 regions displayed increased
flexibility (Fig. 28B). However, ADP binding in the structure abolished the dynamic pattem of
loop8 and loop11 while retaining the flexibility of loop10 (Fig. 28C). The Eg5-ATP complex
showed a relatively rigid structure with less flexibility in the L11 region, one of the conserved
structural elements of kinesin near the ATP-binding site previously shown to respond to motor
domain nucleotide-state (86). Loop11 has been reported for its essential role in the interaction

of Eg5 and microtubules at the Eg5-microtubule interface (Fig. 28D).
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Fig. 28: Essential dynamics of Eg5 conformation in the presence and absence of
kolaflavanone (KLF). (A) Eg5 structure showing the important a, 3, and loop regions. (B)
Structures of apo Eg5, (C) Eg5-ADP complex, (D) Eg5-ATP complex, (E) Eg5-ADP-KLF

complex, and (F) Eg5-ATP-KLF complex.

Previous studies and available crystal structures have confirmed that the loop11/helix
4 junction is positioned in close contact with the interface of aff-tubulin in the structures of
tubulin-bound kinesin, where itextends from the motor domain and make physical contact with
the tubulins (86). Hence, the loopl11is placed in an ideal location to detect perturbations in the
af-tubulin heterodimer curvature as sensingthe subtle changes in the conformations of tubulins
(87-89). KLF binding to Eg5 in the ADP- or ATP-binding state altered the conformation of
Eg5 loopll compared to the apo- and nucleotide-bound states (Fig. 28E and F). This may
contribute to the observed dissociation of microtubules from Eg5 in the motility assay (Fig.
23B) since an altered loop11 conformation of Eg5 at the interaction interface may resultin a
weak binding to microtubule. The loop10, B4, p6, and regions showed a significant reduction

in their flexibility during simulation compared to apo-Eg5. These data suggest that
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conformational changes occurred in Eg5, inducing KLF binding to the allosteric pocket. This
may contribute to the inhibitory mechanisms of the novel inhibitor against the ATPase and
motility functions of the enzyme, as a relatively rigid conformation of Eg5 may exhibit weaker
bindingto microtubules. Indeed, inhibitors that interact with the allosteric pocket of Eg5 are
known to cause conformational changes in the protein structure, which leads to the inhibition
of ATPase function with a concomitant impediment to microtubule-gliding activity. Notable
adjustments have been reported in the allosteric pocket after inhibitor binding, which
researchers speculate might have caused the extensive change in the enzyme conformation
(42,80,90). | estimated the water density in both nucleotide-binding and allosteric pockets of
Eg5 in the presence and absence of KLF during the simulation. Fig. 29A shows that the water
molecules densely occupied the L5/02/a3 and ATP-binding pockets during the simulation in
the Eg5 apo state. However, the water density at the nucleotide-binding cleft was highly

reduced in the nucleotide-bound (Eg5-ADP and Eg5-ATP) states (Fig. 29B and C).
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Fig. 29: Kolaflavanone (KLF) binding reduced water clustering within the allosteric
L5/02/a3 pocket (blue blobs) and nucleotide-binding site (red blobs) of Eg5 motor domain.
(A) Structuresof apo Eg5, (B) Eg5-ADP complex, (C) Eg5-ATP complex, (D) Eg5-ADP-KLF
complex, (E) Eg5-ATP-KLF complex.
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Interestingly, the binding of KLF to the L5/a2/a3 pocket led to a reduction in the
solvation of the allosteric pocket (Fig. 29D and E), indicating that KLF resides stably in the
allosteric pocket during the simulation and the associated conformational changes at the ATP-
binding site. These results validate the affinity of KLF for Eg5 as an inhibitor and confirm the

stability of the Eg5-KLF complexes.
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Conclusion

This study investigated KLF, a biflavonoid derived from Garcinia kola, as a novel
inhibitor of mitotic kinesin Eg5. KLF inhibited the ATPase activity of Eg5 in basal and
microtubule-activated states. Furthermore, the microtubule-gliding function of Eg5 was
suppressed by KLF. KLF allosterically inhibited the ATPase activity and microtubule-gliding
function, without directly competing with ATP and microtubule binding. Molecular modeling
of Eg5 and KLF interaction revealed a stable Eg5-KLF complex where the biflavonoid was
suitably accommodated within the L5/a2/a3 allosteric pocket. The binding of KLF to the
binding pocket reduced the solvation of both the allosteric and nucleotide-binding pockets and
altered the conformation of Eg5. Our data suggest that KLF, from the medicinal plant Garcinia,

is a novel allosteric inhibitor of mitotic kinesin Eg5.

68



Chapter 4

General discussion
&

Summary

69



General Discussions

The goal of this research is developing a novel kinesin Eg5 inhibitor with a photo-
switching mechanism and regulate the activities of the mitotic kinesin Eg5 precisely. To
achieve that, I demonstrated to develop an inhibitor which composed of two parts such as
regulatory and inhibitory part. First, I emphasized on to establish a regulatory part utilizing

photochromic inhibition. Subsequently, I discovered an Eg5 inhibitor from the natural sources.

To date, there are several effective Eg5 inhibitors that are well-known. Surprisingly,
the inhibitors have the same binding pocket at the nucleotide binding site, which is made up of
loop L5, helix 2, and helix 3, and the structure of the inhibitors are not well conserved. The
aromatic rings connected by rotatable single bonds with localized polar functional groups are

the unique structural feature shared by all typical potent Eg5 inhibitors.

The photochromic molecules, which are comparable to the inhibitors previously
described, were thoughtto have a photo-reversible inhibitoryaction on Eg5. ACTAB,an STLC
derivative comprised of photo-chromic azobenzene molecules, has already reported as an
inhibitor with photo-reversible action. In the structure of ACTAB, the azobenzene is positioned
between the trithyl group and the cysteine of STLC. The cis-trans photo-isomerization of
ACTAB resulted in a variety of inhibitory actions. Following that, the photochromic chemical

derivative was shown to functionas an Eg5 inhibitor with a photo-switching mechanism.

In this study, spiropyran and azobenzene were used as photochromic molecules to
synthesize Eg5 inhibitor SPSAB. When UV and VIS irradiated, spiropyran isomerizes into a
hydrophobic closed ring SP-form and a zwitterionized open ring MC-form. However,
azobenzene forms trans and cis isomer when it irradiated to Vis and UV light. Ispinesib, a

potent E@5 inhibitor, has a structure similarity to spiropyran.
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There was a significant alteration in inhibitory action associated with its isomerization,
which consisted of spiropyran and azobenzene, as a photochromic Eg5 inhibitor, which was
highly anticipated. SPSAB inhibited the basal ATPase activity of Eg5 more effectively than

another photochromic inhibitor, ACTAB, as noted previously.

The polarity of the solvent in the dark is used to convert the SP isomer of spiropyran to
the MC isomer. The concentration of the MC isomer grows as the water content of the binary
solvent combination increases in the thermal equilibrium condition. In an aqueous solution,
SPSAB also demonstrated reverse photochromism. In the dark, the closed ring, colorless SP-
form of SPSAB automatically changed to the open ring, colorful MC-form. The reverse
photochromism was not seen in a plain or organic solvent. Since this rapid conversion of SP to
MC of SPSAB in the dark was slower than under UV irradiation, SP-MC isomerization may

be detected using VIS and darkness rather than UV light.

Finally, different inhibitory activity on Eg5 ATPase was observed among the three
isomers of SPSAB. The degree of inhibition was varied in each photoisomerization, and the
most obstructive inhibition was observed by SP-trans form. Surprisingly, there was a
substantial variation in control across the three states. As a result, this work demonstrated that
photochromic molecules may be used as a photo-switching device to regulate the inhibitory

activity of the mitotic kinesin Eg5 inhibitor.

Subsequently, the inhibitory part of Eg5 inhibitor was derived from the natural
compound which is Kolaflavanone (KLF) a Garcinia species. It has already been reported that
the extract of Garcinia kola and the active compound of it is bioflavonoids are chemically and
biologically active and showed therapeutic benefits, including anti-diabetic, anti-inflammatory,
and anti-proliferative properties (93,94). Anticancer action has been observed in biflavonoids

from a variety of plants, however the molecular targets and underlying mechanisms for this
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effect are yet unknown (54-56). KLF has been found to inhibit tyrosinase (60), as interact with
serum albumin and aldehyde dehydrogenase, an essential enzyme in detoxification processes

(61, 62).

Additionally, KLF showed anti-proliferative and anti-angiogenic properties in vitro, as
favorable benefits in the treatment of benign prostatic hyperplasia. Reports have shown that
Kinesin Eg5 is overexpressin cancer cell and small molecules may inhibit the Kinesin Eg5
activity and induce monopolar spindle formation. Hence, KLF may be applicable as an

inhibitor for Kinesin Egb.

However, the biochemical study of KLF-Eg5 interactions has not done yet. As a resul,
| investigated the influence of KLF on Eg5 ATPase and motility activities. The findings
provided in thiswork showed that KLF inhibits Eg5 ATPase and microtubule-glidingactivities

allosterically, as the probable mechanisms of Eg5—KLF interaction.
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Summary

kinesin Eg5 is essential for the bipolar spindle formation in eukaryotic cell division. It
is overexpressed in the cancer cell and considered a target for malignancy treatment. It has
been reported that small chemical compounds control the activity of Eg5 and obstruct the
formation of bipolar spindle formation and hence induce monopolar formation. In this study, |
developed a novel functional inhibitor for mitotic kinesin Eg5 as a target cancer therapy. The
functional inhibitor was designed by coupling the regulatory and inhibitory parts. The
regulatory part was composed of photochromic compounds which control Eg5 activity in
multiple state isomerization (SPSAB). On the other hand, | discovered a chemical compound
from natural sources (Kolaflavanone) for the inhibitory part. Interestingly, the biochemical
characterization and docking simulation results of Kolaflavanone demonstrated its inhibitory
activity on Eg5. Therefore, the overall result suggests that the aim of the study has been

completely fulfilled.
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