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Abstract 

Chemical compounds, from natural and synthetic sources, with potential to inhibit kinesin Eg5 

ATPase and other functions are continually sought over the years as they are very suitable and 

effective chemotherapeutic agents. Eg5 is a mitotic kinesin with crucial role in the formation 

and maintenance of mitotic spindle bipolarity, an essential apparatus during proper cell 

division. Inhibition of Eg5 during mitosis may result in mitotic arrest and apoptosis because 

functional spindle does not assemble. Hence, inhibitors of Eg5 have been investigated in 

studies aimed at controlling proliferation of cancer cells, validating the protein as a target for 

chemotherapeutic candidates. Inhibitors that bind the allosteric Eg5 pocket are preferable to 

the ATP-competitive inhibitor to avoid potential interaction with other ATP-dependent 

proteins. Also, inhibitors such as ispinesib, monastrol, S-trityl-L-cysteine (STLC), etc. that bind 

the allosteric pocket formed by α2/α3/Loop5 regions display specificity to Eg5 among other 

kinesins. Although several synthetic inhibitors of Eg5 are known, only few inhibitors from 

natural products have been investigated till date—despite that natural products are readily 

available source of bioactive compounds with pharmacological potency and reduced side 

effects. 

In the experiments reported in this thesis, morelloflavone from Garcinia dulcis leaves was 

discovered as novel inhibitor of the mitotic kinesin Eg5. The compound was selected among 

forty plant-derived biflavonoids and tested for its inhibitory potential against Eg5 based on in 

silico analysis of binding modes, molecular interactions, binding energies, and functional 

groups that interact with Eg5. Computational models predicted that morelloflavone binds the 

putative allosteric pocket of Eg5, within the cavity surrounded by amino acid residues of Ile-

136, Glu-116, Glu-118, Trp-127, Gly-117, Ala-133, Glu-215, Leu-214, and Tyr-211. Binding 

energy was -8.4 kcal/mol, with a single hydrogen bond formed between morelloflavone and 

Tyr-211. The binding configuration was comparable to that of a reference inhibitor, S-trityl-L-
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cysteine. In vitro analysis confirmed that morelloflavone inhibited both the basal and 

microtubule-activated ATPase activity of Eg5 in a manner that does not compete with ATP 

binding. Morelloflavone also suppressed Eg5 gliding along microtubules. These results suggest 

that morelloflavone binds the allosteric binding site in Eg5 and thereby inhibits ATPase activity 

and motor function of Eg5. 

To provide dynamical insights on the interaction and inhibitory mechanisms, molecular 

dynamics simulation was undertaken on Eg5-morelloflavone complexes in the presence of 

nucleoside-phosphates (ADP and ATP). Results were compared with those of known Eg5 

inhibitors; ispinesib and S-trityl-L-cysteine (STLC). Data obtained strongly support a stable 

Eg5-morelloflavone complex, with significantly low binding energy and reduced flexibility of 

Eg5 at some regions including loop5 and switch I. Furthermore, the loop5 Trp127 was trapped 

in a downward position to keep the allosteric pocket of Eg5 in the so-called “closed 

conformation” comparable to STLC. Altered structural conformations were also visible within 

various regions of Eg5 including switch I, switch II, α2/α3 helices and tubulin-binding region, 

indicating that morelloflavone might induce modifications in Eg5 structure to compromise its 

ATP/ADP binding and conversion process as well as its interaction with microtubules.  

Taken together, morelloflavone is a novel inhibitor of mitotic kinesin Eg5. Since 

morelloflavone is a naturally-occurring biflavonoid obtained from Garcinia spp, and is 

associated with suppression of ATP hydrolysis and microtubule gliding of Eg5, the compound 

may be useful in the control of proliferating cancer cells. Its chemical scaffold may be relevant 

in the design and development of new antimitotic candidates. The reports provided herein also 

contribute to validation of the folkloric use of Garcinia dulcis (a medicinal plant) in the 

treatment of cancer. Finally, the efficient screening protocol developed and utilized in this 

research will be handy in further discovery of many more novel Eg5 allosteric inhibitors. 
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1.1 Overview of kinesins  

Kinesins are a large superfamily of motor proteins that play key roles in eukaryotic cell division 

and intracellular trafficking (Wittmann, 2001; Rath and Kozielski, 2012). Higher vertebrate 

genomes have been reported to contain at least forty-five genes which codes for diverse 

kinesins (Table 1-1), majority of which are implicated in variety of human diseases. These 

proteins are termed “molecular motor machines” due to their involvement in cellular processes 

such as intracellular transport, cytokinesis, neurogenesis, and mitosis (Figure 1-1). They travel 

unidirectionally along the microtubule in a processively manner to fulfil their biological roles. 

Till date, more than 650 members of the kinesin superfamily have been identified (Miki et al., 

2005; Rath and Kozielski, 2012) and, are found in all eukaryotes. However, they are reportedly 

absent in archaea and bacteria.  It is claimed that about a third of the kinesin superfamily 

members participate in different stages of cell division while a few among them can play dual 

roles in both cell division and transport. Interference with the biological functions of some 

crucial proteins during mitosis has been proposed as an alternative to cancer cell elimination 

via mitotic progression in humans (Debonis et al., 2004; El-Nissan, 2013). The members of 

the kinesin superfamily that play important roles in intracellular cell division are shown in 

Figure 1-1. 

On the basis of structure and phylogenetic analyses of the motor domain of the kinesins, they 

are classified into fourteen (14) subfamilies (Lawrence et al., 2004; Wordeman, 2010) which 

are detailed in Table 1-1. However, all these proteins have been classified into just two groups 

based on their functions which are non-mutually exclusive. The kinesins are essential during 

different stages of cell division (Figure 1-1). They also play crucial roles in intracellular 

organelle and vesicle transport (Hirokawa et al., 2009). Kinesins are composed of limited set 

of modular domains and hence, can be classified as N-, C- or M-type kinesins depending on 

the location of the motor domain. Most kinesins are known to move toward the microtubule 
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plus-end and the motor domain is found at the N-terminus of the protein. These are simply 

referred to as N-type kinesins. Other kinesins having their motor domain specifically located 

at the C-terminus are labelled as C-type kinesins and move toward the minus end of 

microtubules (minus-end directed motors). A few kinesins have their motor domain in the 

middle of the polypeptide chain and are termed M-type kinesins. They do not move along the 

microtubules; however, they can depolymerize them. The motor domain of kinesins is the most 

conserved region across the proteins and contains both the microtubule binding domain as well 

as the catalytic site responsible for ATP binding/hydrolysis. 

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

Acronym Full Name Alternative 

Nomenclature 

Kinesin 

Family  

Function 

KIF1A kinesin 

family 

member 1A 

ATSV (axonal 

transport of 

synaptic vesicles), 

C2orf20 

(chromosome 2 

open reading frame 

20), FLJ30229 

Kinesin-3 Neuron-specific axonal 

transporter of synaptic 

vesicle precursors 

KIF1B kinesin 

family 

member 1B  

CMT2, CMT2A, 

HMSNII, 

KIAA0591, KLP, 

NBLST1 

Kinesin-3 Microtubule plus end-

directed monomeric motor 

protein for transport of 

mitochondria, involved in 

axonal transport 

KIF1C kinesin 

family 

member 1C  

KIAA0706, 

LTXS1  

Kinesin-3  Regulates podosome 

dynamics in macrophages 

KIF2A kinesin 

family 

member 2A  

KIF2 (kinesin 

heavy chain 

member 2), KNS2, 

HK2, HsKin2  

Kinesin-

13 

Microtubule minus end-

depolymerising motor 

crucial for bipolar spindle 

formation 

KIF2B kinesin 

family 

member 2B 

FLJ53902 Kinesin-

13  

Involved in kinetochore-

microtubule dynamics to 

promote mitotic progression 

MCAK 

(KIF2C) 

kinesin 

family 

member 2C  

KNSL6 (kinesin-

like 6), MCAK 

(mitotic 

centromere-

associated kinesin) 

Kinesin-

13  

Microtubule plus end-

depolymerising motor 

required for chromosome 

congression and alignment 

KIF3A kinesin 

family  
Kinesin-2 Microtubule plus end-

directed motor for 
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member 3A  
- 

membrane organelle 

transport, required for 

assembly of the primary 

cilium 

KIF3B kinesin 

family 

member 3B  

KIAA0359 Kinesin-2 Microtubule plus end-

directed motor for 

membrane organelle 

transport 

KIF3C kinesin 

family 

member 3C 

- 
Kinesin-2 Maybe involved in 

maturation of neuronal cells 

KIF4A kinesin 

family 

member 4A  

chromokinesin-A, 

FLJ12530, 

FLJ12655, 

FLJ14204, 

FLJ20631, 

HSA271784, KIF4, 

KIF4-G1 

Kinesin-4 Chromosome condensation, 

anaphase spindle midzone 

formation and cytokinesis 

KIF4B kinesin 

family 

member 4B 

chromokinesin-B  
Kinesin-4 

Chromosome condensation, 

anaphase spindle midzone 

formation and cytokinesis 

KIF5A  kinesin 

family 

member 5A  

SPG10 (spastic 

paraplegia 10), 

D12S1889, 

MY050, NKHC, 

Kinesin-1 
Involved in spastic 

paraplegia type 10 and 

Charcot-Marie-Tooth type 2 

 

KIF5B kinesin 

family 

member 5B  

KNS1, KNS, 

UKHC Kinesin-1 
Involved in vesicle 

transport; interacts with a 

variety of viruses to allow 

for their replication within 

the cell 

KIF5C  kinesin 

family 

member 5C  

NKHC2, KINN, 

KIAA0531, 

FLJ44735 

Kinesin-1 
Binding partner of casein 

kinase 2 involved in apical 

trafficking 

KIF6  kinesin 

family 

member 6 

C6orf102 

(chromosome 6 

open reading frame 

102), dJ137F1.4, 

dJ188D3.1, 

dJ1043E3.1, 

DKFZp451I2418, 

MGC33317  

Kinesin-9 
Unknown 

KIF7  kinesin 

family 

member 7  

JBTS12 
Kinesin-4 

Hedgehog signalling 

KIF9  kinesin 

family 

member 9  

MGC104186  
Kinesin-9 

Regulation of matrix 

degradation by macrophage 

podosomes 

CENPE 

(KIF10) 

Centromere-

associated 

KIF10, PPP1R61 

(protein Kinesin-7 
Microtubule-kinetochore 

capture and mitotic 
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protein E phosphatase 1, 

regulatory subunit 

61)  

checkpoint signalling 

EG5 

(KIF11) 

kinesin 

family 

member 11  

KNSL1 (kinesin-

like 1), KIF11, 

HKSP (Kinesin 

Spindle Protein), 

TRIP5, Thyroid 

receptor-interacting 

protein 5 

Kinesin-5 
Separation of the duplicated 

centrosome during spindle 

formation 

KIF12 kinesin 

family 

member 12  

RP11-56P10.3  
Kinesin-

12 

Unknown 

KIF13A  kinesin 

family 

member 

13A 

RBKIN, 

bA500C11.2, 

FLJ27232 

Kinesin-3 
Transports mannose-6-

phosphate receptor to the 

plasma membrane 

KIF13B kinesin 

family 

member 

13B  

GAKIN, 

KIAA0639  

 

Kinesin-3 
Involved in regulation of 

neuronal cell polarity  

 

KIF14 kinesin 

family 

member 14  

CMKRP, 

KIAA0042, 

MGC142302  

Kinesin-3 
Involved in cytokinesis, 

chromosome congression 

and alignment 

KIF15  kinesin 

family 

member 15  

KNSL7 (kinesin-

like 7), HKLP2, 

KLP2, NY-BR-62, 

FLJ25667  

Kinesin-

12 

Involved in bipolar spindle 

formation in absence of Eg5 

KIF16B kinesin 

family 

member 

16B  

C20orf23 

(chromosome 20 

open reading frame 

23), FLJ20135, 

dJ971B4.1, SNX23  

Kinesin-3 
Critical for early embryonic 

development by 

transporting the FGF 

receptor 

KIF17 kinesin 

family 

member 17  

KIAA1405, 

KIF3X, KIF17B  Kinesin-2 
Neuron-specific molecular 

motor in neuronal dendrites 

KIF18A kinesin 

family 

member 

18A  

DKFZP434G2226, 

Kip3p, Klp67A, 

KipB, klp5/6+  

Kinesin-8 
Chromosome congression 

KIF18B kinesin 

family 

member 

18B  

- 
Kinesin-8 Chromosome congression 

and alignment and 

microtubule 

depolymerisation 

KIF19 kinesin 

family 

member 19  

FLJ37300, KIF19A  Kinesin-8 Unknown 

MKLP-2 

(KIF20A) 

kinesin 

family 

member 

RAB6KIFL 

(RAB6-interacting, 

kinesin-like 6), 

Kinesin-6 Cytokinesis 
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20A  MKLP-2, RabK6, 

rabkinesin-6, 

rabkinesin6, 

FLJ21151 

MPP1 

(KIF20B) 

kinesin 

family 

member 

20B  

MPHOSPH1 (M-

phase 

phosphoprotein 1), 

MPP1, CT90, 

KRMP1  

Kinesin-6 Likely required for 

completion of cytokinesis 

KIF21A  kinesin 

family 

member 

21A  

FEOM1 (fibrosis of 

the extraocular 

muscles 1), 

FLJ20052, 

KIAA1708, 

FEOM3A, NY-

REN-62  

Kinesin-4 Unknown 

KIF21B  kinesin 

family 

member 

21B  

DKFZP434J212, 

KIAA0449, 

FLJ16314  

Kinesin-4 Unknown 

Kid 

(KIF22) 

kinesin 

family 

member 22  

KNSL4 (kinesin-

like 4), Kid 

(kinesin-like DNA-

binding protein), 

OBP-1, OBP-2  

Kinesin-

10 

Generates polar injection 

forces essential for 

chromosome congression 

and alignment 

MKLP-1 

(KIF23) 

kinesin 

family 

member 23  

KNSL5 (kinesin-

like 5), MKLP-1 

(mitotic kinesin-

Like Protein 1), 

MKLP1, CHO1  

Kinesin-6 Cytokinesis 

KIF24  kinesin 

family 

member 24  

C9orf48 

(chromosome 9 

open reading frame 

48), bA571F15.4, 

FLJ10933, 

FLJ43884 

Kinesin-

13 

Regulates centriolar length 

and ciliogenesis 

KIF25  kinesin 

family 

member 25  

KNSL3 (kinesin-

like 3)  

Kinesin-

14 

Unknown 

KIF26A   

kinesin 

family 

member 

26A  

DKFZP434N178, 

KIAA1236, 

FLJ22753 

Kinesin-

11 

Regulates GDNF-Ret 

signaling in enteric neuronal 

development 

KIF26B kinesin 

family 

member 

26B  

FLJ10157  Kinesin-

11 

Regulates adhesion of the 

embryonic kidney 

mesenchyme 

KIF27  kinesin 

family 

DKFZp434D0917, 

RP11-575L7.3 

Kinesin-4 Hedgehog signaling 
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member 27  

HSET 

(KIFC1) 

kinesin 

family 

member C1  

KNSL2 (kinesin-

like 2), HSET, 

Human Spleen 

Embryo Testes, 

XCTK2, Kar3, Ncd  

Kinesin-

14 

Essential for bipolar spindle 

assembly and proper 

cytokinesis 

KIFC2  kinesin 

family 

member C2  

 

- 

Kinesin-

14 

Transports vesicles in a 

microtubule-dependent 

manner in a retrograde 

direction62,63KIFC3kinesin 

KIFC3  kinesin 

family 

member C3  

FLJ34694, 

DKFZp686D23201  

Kinesin-

14 

Cooperates with 

cytoplasmic dynein in Golgi 

positioning and integration 

 

 

Figure 1-1. A simplified model of the function of kinesin Eg5 during mitosis. Eg5 is 

highlighted in purple.  

1.2 The mitotic kinesin Eg5 

Kinesin Eg5 is a plus-end-directed NH2-terminal motor protein which controls mitosis via 

bipolar spindle formation and centrosome separation. The protein comprises a conserved 

homotetrameric structure composing of two identical heavy chains and two identical light 

chains. The heavy chain contains a N-terminal motor domain (Figure 1-2A) that binds and 

Sister chromatids
Kinetochore microtubules

Kinesin Eg5

Centrosome

Interpolar microtubules

Astral microtubules
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hydrolyzes ATP, a C-terminal tail domain, and an α-helical coiled coil stalk domain. The head 

domain also has binding pockets for inhibitors (Figure 1-2B). Kinesin Eg5 has a unique 

structure appropriate for bringing about relative motions of the microtubules themselves. The 

protein functions via a ‘sliding filament’ mechanism, crosslinking adjacent microtubules into 

bundles throughout the spindle (Kashina et al., 1996; Sharp et al., 1999; Kapitein et al., 2005), 

and exerting outward or braking forces on antiparallel microtubules to coordinate bipolar 

spindle assembly and to drive or constrain poleward flux and anaphase B spindle elongation 

(Valentine et al., 2006; Kaseda et al., 2009; Scholey, 2009; Subramanian and Kapoor, 2012). 

Its bipolar homotetrameric structure which places two pairs of motor domains at each end of 

an extended stalk enabled kinesin Eg5 to crosslink microtubules and induce MT-MT sliding 

during centrosome separation in the formation of the bipolar spindle (Figure 1-2C). 

Kinesin Eg5 has been described as an important member of the “blocked in mitosis’ (BimC) 

subfamily of the kinesins (Blangy et al., 1995; Debonis et al., 2004). The motor domain of Eg5 

consists of numerous α helices, β sheets and loops (Table 1-2), and contains binding pockets 

for nucleotides (ATP and ADP) and inhibitors (Figure 1-2B). ATP-competitive inhibitors, such 

as the thiazoles (Figure 1-3A), directly bind the ATP binding site (also called the active site). 

Approximately 12 Å away from the nucleotide-binding site is an allosteric pocket established 

by the α2 helix, α3 helix and loop5 regions of Eg5 (Figure 1-3B). Several small-molecule 

inhibitors, from synthetic and natural origin, targeting the protein α2/α3/L5 pocket have been 

reported. They block both ATPase and microtubule-gliding activities of Eg5 (Figure 1-2C). 

However, chemical structures of the inhibitors are not highly conserved but varied widely 

despite that they identify and bind same pocket. Among the synthetic compounds, monastrol 

was the first Eg5-specific inhibitor that was discovered (Mayer et al., 1999; Maliga et al., 

2002). S-trityl-L-cysteine (STLC) is another potent inhibitor that binds Eg5 more tightly than 

monastrol (Debonis et al., 2004; Skoufias et al., 2006). Other potent inhibitors, including 
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ispinesib (Lad et al., 2008; Talapatra et al., 2012), K885 (Nakai et al., 2009) and ARRY-520 

(Woessner et al., 2009), have also been reported (Figure 1-3B). The few known Eg5 inhibitors 

isolated from natural products (medicinal plants, seaweeds, or microorganisms) are shown in 

Figure 1-3C (Nakazawa et al., 2003; Debonis et al., 2004; Reddie et al., 2006; Oishi et al., 

2010). The molecular mechanism of the Eg5 inhibition via allosterism has been well-studied, 

and involves alterations in the ability of the protein to bind and move on microtubules through 

prevention of ADP release without affecting the release of the KSP-ADP complex from the 

microtubule (Lad et al., 2008; Chen et al., 2017).  

Since kinesin Eg5 is required to build the mitotic spindle, inhibiting its activity would interfere 

with cell division. Targeting molecules into the binding pockets on Eg5 could therefore 

potentially form part of anti-cancer therapy, preventing the rapid proliferation of cancer cell 

divisions. Cancer still remains as one of the most serious human diseases with large number of 

death till date. Available reports have confirmed that when Eg5 is inhibited in replicating cells, 

centrosomal separation and mitotic spindle assembly are prevented, resulting in phenotypic 

monopolar spindles (“monoasters”) formation. Such abnormal phenotypic occurrence resulting 

from Eg5 inhibition are essential in the eventual activation of mitotic spindle assembly 

checkpoint which promotes either mitotic arrest during metaphase/anaphase junction or 

apoptosis (Stem and Murray, 2001; Weil et al., 2002; Marcus et al., 2005). The monoastral 

spindles are formed because normal centrosome migration to the polar region/opposite sides 

of the cell are blocked (Mayer and Kapoor, 1999; Kapoor et al., 2000; Stem et al., 2001). 

Therefore, kinesin Eg5 has become a target for cancer treatment (Guido et al., 2015).  

An advantage in targeting kinesin Eg5 in cancer treatment is its almost absence in non-

proliferating tissues in contrast to many proliferating tissues. Hence, the effects of Eg5 

inhibitors through cell cycle arrest during mitosis are expected to be profound on tumor cells 

than in non-proliferating cells. Eg5 is also not found in central nervous system of adult because 
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they do not participate in post-mitotic processes. This indicate that compounds which inhibit 

Eg5 may not have grave adverse effects associated with taxanes and vinca alkaloids which 

target microtubules with nonspecific effects on both normal and proliferating cells.  

 

Table 1-2. Name and amino acid residues of various segments of Eg5 motor domains 

Alpha helices Beta sheets Loops 

α0 (Asn29 –Ala35) β0 L1 (Ser36 – Ile40) 

α1 (Lys77 – Met95) β1 (Gln20 – Cys25) L2 (Thr54 – Ser62) 

α2a (Asp134 – Gly149) β1a (Val41 – Asp44) L3 (Gly73 – Lys76) 

α2b (Glu110 – Gly116) β1b (Glu49 –Arg53) L4 (Pro45 – Arg47) 

α3 (Asn206 – Thr226) β1c (Arg63 – Thr67) L5 (Gly117 – Gly133) 

α3a/Switch I (Ala230 – Ser235) β2 (Met70 – Phe72) L6 (Asn150 – Glu153) 

α4 (Asn289 – Glu304) β3 (Asn98 – Gly105) L7 (Asn165 – Glu166) 

α5 (Pro310 – Lys324) β4 (Phe154 – Tyr164) L8a (Leu171 – Glu182) 

α6 (Ala339 – Lys357) β5 (Glu167 – Asp170) L8b (Asp187 – Gly193) 

 β5a (Arg183 – Asp186) L9 (Leu227 – Asn229) 

 β5b (Val194 – Lys197) L10 (Thr249 – Glu253) 

 βs (Ile202 – Val204) L11/Switch II (Leu265 – 

Asn288) 

 β6 (His236 – Thr248)  L12/ “K-loop” (Arg305 – 

Val309) 

 β7 (Glu254 – Asp265) L13 (Gly325 – Thr328) 

 β8 (Arg329 – Ile336) L14 (Ser337 – Pro338) 

  P-loop (Gln106 – Gly109) 

 

 

Loop 5

α helix 2a

α3 helix

α helix 0

α helix 1

α helix 2b

Loop 8a

Loop 2

Loop 10

Loop 11/Switch II α helix 6

α helix 4Loop 9 

β sheet 1c

β sheet 1b

β sheet 1a

β sheet 4

β sheet 6

β sheet 7

Switch I

Loop 4

N-terminal

C-terminal

A
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Figure 1-2. Structure of motor domain of mitotic kinesin Eg5. (A) Eg5 segments comprising 

the alpha helices (red), beta sheets (yellow) and loops (green). (B) Binding pockets on Eg5. 

(C) Depiction of Eg5 gliding on microtubules; inset: Eg5 in complex with microtubules (PDB 

ID: 2WBE). 
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1.3. Research objectives 

The specific objectives of this research include: 

- To thoroughly study available crystal structures of kinesin Eg5 and gain insights into  

the structural and conformational modifications associated with inhibitors interactions 

with Eg5.  

- To search for novel scaffolds with capacity to interact with Eg5 and interfere with its 

biological function, particularly at the allosteric binding site. 

- To identify new kinesin Eg5 inhibitors from natural products and determining their 

potency. 

- To investigate the effects of the novel inhibitors on the ATPase activity of Eg5. 

- To ascertain the effects of the novel inhibitors on the motility function of Eg5. 

- To unravel the mechanism of interaction between the novel inhibitors and Eg5 at the 

atomistic level. 
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Figure 1-3. Selected known inhibitors of kinesin Eg5. (A) ATP-competitive inhibitors (B) 

synthetic allosteric inhibitors and (C) inhibitors from natural products.  
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1.4 Research approach and methodology 

The general protocol employed in the current studies includes the computational and in vitro 

(protein kinetics/biochemical) analyses. The modus operandi is highlighted in the chart 

(Figure 1-5) below: 

 

 

Figure 1-4. The general modus operandi adopted for the research work reported in this thesis. 
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In vitro validation (Biochemical analyses) 
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Molecular dynamics simulation
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Morelloflavone as a novel inhibitor of mitotic kinesin Eg5 
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2.1 Introduction 

The mitotic kinesin Eg5 is critical to the formation and maintenance of bipolar mitotic spindle, 

an essential structure during cell division. Accordingly, inhibition of Eg5 may result in mitotic 

arrest and apoptosis (Compton, 2000; Skoufias et al., 2006; El-Nassan, 2013). Hence, Eg5 

inhibitors have been investigated as potential drugs against cancer cells (Rath and Kozielski, 

2012; Myers and Collins, 2016). Nevertheless, only a few Eg5 inhibitors from natural resources 

have been investigated, even though potent anticancer effects have been detected in numerous 

medicinal plants (Solowey et al., 2014; Greenwell and Rahmna, 2015; Choudhury et al., 2016). 

Of note, natural products are attractive as therapeutics because of reduced side effects, potency, 

and patient preference over synthetic counterpart (Katiyar et al., 2012; Veeresham, 2012; 

Cragg and Newman, 2013). Compounds that inhibit Eg5 have been isolated from marine algae 

and microorganisms, including terpendole E (Nakazawa et al., 2003), adociasulfate-2 (Reddie 

et al., 2006), gossypol (Debonis et al., 2004), harmine and Harman (Oishi et al., 2010). On the 

other hand, biflavonoids composed of two covalently linked flavones are a major class of 

compounds from medicinal plants with known anti-cancer properties but minimal adverse 

effects (Kang et al., 2009; Jeon et al., 2015; Xiong et al., 2016; Yao et al., 2017). 

Morelloflavone is one such biflavonoid, and consists of luteolin and apigenin (Pinkaew et al., 

2009). The compound was first isolated from Garcinia morella by Karanjgaokar et al. in 1967 

(Karanigaokar et al., 1967). Morelloflavone is unique to Garcinia species such as G. dulcis, G. 

subelliptica, G. brasiliensis, G. livingstonei, G. multiflora, and G. Morella, and is accumulated 

in leaves, nuts, and heartwood (Lin et al., 1997; Pinkaew et al., 2009; Yang et al., 2010; Ito et 

al., 2013). Morelloflavone is the most well-known flavonoid in G. dulcis leaves (Pinkaew et 

al., 2009). In vitro, morelloflavone inhibits enzymes like 3-hydroxy-3-methylglutaryl-

coenzyme A (HMG-CoA) reductase (Tuansulong et al., 2011), secretory phospholipase A2, 

specifically groups II and III forms (Gil et al., 1997), snake venom phospholipase A2 (Pereañez 
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et al., 2014), tyrosinase (Masuda et al., 2005), fatty acid synthase (Li et al., 2002), papain, 

cruzain, and trypsin (Gontijo et al., 2015). Morelloflavone also exhibits anti-oxidant (Hutadilok-

Towatana et al., 2007), anti-atherogenic (Decha-Dier et al., 2008), anti-microbial (Verdi et al., 

2004), anti-angiogenic (Pang et al., 2009), anti-inflammatory, and anti-hypercholesterolemic 

activities (Gil et al., 1997; Tuansulong et al., 2011; Pereañez et al., 2014).  

In this study, morelloflavone was identified in silico as a potential Eg5 inhibitor among a 

library of forty natural biflavonoids. Inhibitory activity was confirmed in vitro, and possible 

mechanisms of its interaction with the Eg5 were investigated. 

 

Figure 2-1. 2D structure of Eg5 inhibitors. (A) (+)-Morelloflavone, a flavonoid dimer 

comprising of apigenin (in dotted circle) and luteolin (in dotted rectangle) (Li et al., 2002; 

Tuansulong et al., 2011). (B) STLC (Skoufias et al., 2006). 

2.2 Materials and methods 

2.2.1 In silico screening  

2.2.1.1 Ligand selection, preparation and optimization.  

Forty biflavonoids from various medicinal plants were selected for in silico analysis. The 

chemical structure of morelloflavone used was obtained from the report of Li et al., (2001). 
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The chemical structures of all other biflavonoids were also retrieved from the literature (Iwu 

et al., 1990; Lin et al., 1997; Zembower et al., 1998; Romani et al., 2002; Kin et al., 2008; 

Yang et al., 2010; Tuansulong et al., 2011; Ito et al., 2013; Gontijo et al., 2017; Yu et al., 

2017). S-trityl-L-cysteine (STLC), a known Eg5 inhibitor for which a co-crystal structure is 

available (PDB ID: 3KEN), was used as a reference. 2D structures of the biflavonoids were 

drawn in ChemAxon (https://www.chemaxon.com), and converted to 3D based on the Merck 

molecular force field (MMFF94) in the conformers suite of Marvin-Sketch. The 3D structure 

of STLC was retrieved from the NCBI PubChem compound database 

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

2.2.1.2 Protein selection and preparation.  

The starting coordinates for Eg5 were retrieved from RSCB Protein Data Bank 

(http://www.rcsb.org/pdb) as 3KEN, which corresponds to Eg5 with ADP and STLC bound to 

the nucleotide-binding and allosteric sites, respectively. Ligands and crystallographic water 

molecules were removed prior to molecular docking studies. 

2.2.1.3 Molecular docking and scoring.  

Ligand docking and binding site analysis were performed in the Autodock Vina suite in PyMol 

(Seeliger and de Groot, 2010; Trott and Olson, 2010). In brief, blind docking was first 

performed with grid parameters x = 200, y = 200 and z = 200 to filter out ligands that are not 

recognized by the allosteric site in Eg5. These parameters also ensure that all available binding 

pockets in Eg5 are accessible, with sufficient room for full ligand rotation and translation. Next, 

the allosteric binding site, as delineated in PDB data, was specifically targeted with default grid 

parameters (x = 60, y = 60 and z = 60), but with coordinates of origin x = 18.31 Å, y = 8.38 Å, 

and z = 15.17 Å to include all the amino acids in the active site. Spacing between grid points 

was maintained at 0.375 Å. All ligands were docked to the loop5/α2/α3 allosteric binding 

pocket (L5: Gly117 - Gly134, ⍺2: Lys111-Glu116 and Ile135-Asp149, ⍺3: Asn206-Thr226) 
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(Jiang et al., 2007; Moores, 2010). While the rotatable bonds in the ligands 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 set to 10 to achieve more accurate and reliable results. 

Estimated binding energies were estimated for the best fits. 

 

2.2.2 In vitro experimental validation 

2.2.2.1 Chemicals.  

Morelloflavone was purchased from Ambinter (France). All other chemicals were analytical 

grade. 

 

2.2.2.2 Eg5.  

Recombinant Eg5 was prepared as described previously (Ishikawa et al., 2014).  

2.2.2.2.1 Expression and purification of the mitotic kinesin Eg5 monomer 

Briefly, cDNA of the motor domain of mouse wild-type Eg5 (WT, residues 1-367) was 

amplified by polymerase chain reaction and ligated into the pET21a vector. The Eg5 WT 

expression plasmids were used to transform Escherichia coli BL21 (DE3). Eg5 WT was 

purified by using a Co-NTA column which was washed with lysis buffer containing 30mM 

imidazole, and bound Eg5 was eluted with lysis buffer containing 150mM imidazole. The 

obtained fractions were analysed by sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE). Dialysis of purified Eg5 was done using a buffer containing 

30mM Tris-HCl [pH 7.5], 120mM NaCl, 2mM MgCl2, 0.1mM ATP and 0.5mM DTT, and 

stored at -80oC till needed for experiments. 

2.2.2.2.2 Purification and polymerization of tubulin  

Tubulin was purified from porcine brain using the method described by Hackey (1988). 

Polymerization of the tubulin was carried out for 30 min at 37oC in a buffer containing 100mM 
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Piperazine-1,4-bis(2-ethanesulfonic acid) [PIPES] (pH 6.8), 1mM O,O’-Bis(2-

aminoethyl)ethyleneglycol- N,N,N’,N’-tetraacetic acid [EGTA], 1mM MgCl2 and 1mM GTP. 

Taxol was later added to a final concentration of 10 mM. The polymerized microtubules were 

collected by centrifugation at 280 000xg for 15 minutes at 37oC. The supernatant was discarded 

whereas the microtubule pellet was collected in a buffer containing 100mM PIPES [pH 6.8], 

1mM EGTA, 1mM MgCl2, 1mM GTP and 10mM taxol. For the microtubule gliding assay, 

microtubules were labelled with rhodamine. Rhodamine-labelled tubulin was mixed with 

unlabeled tubulin at a ratio of 1:5 and polymerized for 40 minutes at 37oC in buffer (100mM 

PIPES, 2mM EGTA, 1mM MgSO4). Taxol was then added to a final concentration of 20 mM. 

 

2.2.2.3 ATPase assay.  

ATPase activity was measured at 25ºC in ATPase assay solution (20 mM HEPES-KOH, 

[pH7.2] containing 50 mM KCl, 2 mM MgCl2, 0.1 mM EGTA, 0.1 mM EDTA and 1.0 mM β-

mercaptoethanol). Using 0.5 μM Eg5 (for basal ATPase activity) or 0.1 μM Eg5 (for 

microtubule-activated ATPase activity). To measure inhibitory activity, Eg5 was pre-incubated 

for 5 minutes in the presence of absence of 3.0 µM microtubule, and supplemented with 0-150 

μM morelloflavone dissolved in DMSO. ATPase activity was initiated by adding 2.0 mM ATP, 

terminated after 5 minutes by adding 10% trichloroacetic acid, and estimated based on 

inorganic phosphate (Pi) released into the supernatant, as quantified by the Youngburg method 

(Youngburg and Youngburg, 1930) and described by Ishikawa et al. (2014). To assess the 

effects of morelloflavone on microtubule-dependent activity, ATPase turnover was also 

measured in the presence of 80 μM morelloflavone and 0-15 μM microtubule. To assess 

competitive inhibition, ATPase activity was evaluated in the presence of 0-400 μM ATP, 0, 

50, and 100 μM morelloflavone, 0.5 μM microtubule, and 0.1 μM Eg5.  
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2.2.2.4 In vitro microtubule gliding assay.  

Eg5 motor activity was evaluated by microtubule gliding assay (Ishikawa et al., 2014; 

Sadakane et al., 2018). Briefly, coverslips were coated with anti-6x histidine monoclonal 

antibody (Wako) in assay solution (10 mM Tris-acetate [pH 7.5], 2.5 mM EGTA, 50 mM K-

acetate, 4mM MgSO4). Subsequently, 0.1 μM Eg5 in assay solution A (10 mM Tris-acetate 

[pH 7.5], 4mM MgSO4, 50 mM potassium acetate, 2.5 mM EGTA, 0.5 mg/mL casein, and 

0.2% β-mercaptoethanol) was flushed through the flow chambers, and left there for 5 minutes. 

The chamber was then washed with rhodamine-labeled microtubule in assay solution B (20 

mM taxol added to assay solution A), followed by 2 minutes incubation. Subsequently, assay 

solution B was flushed through the chambers, followed by 100-250 μM morelloflavone and 

1.0 mM ATP in assay solution C (assay solution B, 0.01mg/mL catalase, 1.5 mg/mL glucose, 

and 0.05 mg/mL glucose oxidase) (Youngburg and Youngburg, 1930; Sadakane et al., 2018). 

Finally, rhodamine-labeled microtubules were visualized using an Olympus BX50 microscope 

equipped with a 3CCD camera (JK-TU53H, Toshiba, Japan).  

2.2.3 Data analysis.  

Protein-ligand complexes and molecular interactions were visualized in PyMol. ATPase 

activity was plotted against morelloflavone concentration to obtain the IC50 values. 

Biochemical experiment data are reported as mean ± standard deviation (SD). Significant 

differences between groups were tested by Welch’s t-test or Student’s t-test. 

 

2.3 Results and discussion  

2.3.1 In silico screening reveals morelloflavone as a potential Eg5 inhibitor  

To identify compounds from natural products that may interact with Eg5, forty biflavonoids 

(Table IS) were compiled and screened by using molecular docking. First, blind docking was 

performed to allow each biflavonoid to seek out its most preferred binding site on Eg5. Of all 
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compounds, morelloflavone (Figure 1A), which is comprised of apigenin and luteolin 

conjugated via 3',8" linkage (Konoshima et al., 1969; Li et al., 2002; Tuansulong et al., 2011), 

bound the L5/⍺2/⍺3 allosteric pocket with appreciable affinity, with binding modes 

comparable to those of the reference ligand STLC (Figure 1B) (Moores, 2010). The binding 

energy was -8.4 kcal/mol. Particularly, an enantiomer (+)-morelloflavone, with known 

absolute configuration, conformation, and chiral properties was used as its structure in this 

study (Li et al., 2002). Other biflavonoids with different linkage patterns did not bind or fit 

well into the Eg5 allosteric pocket, possibly because of steric hindrance (Figure 1S). This 

supports an earlier claim that the type of linkage in biflavonoids is a significant determinant of 

bioactivities (Lee et al., 2008).  

  

Figure 2-2. Structure and function of kinesin Eg5. (A) The protein moves towards the plus 

end of microtubules, pushing the anti-parallel microtubules apart and separating the duplicated 

centrosomes while establishing a bipolar spindle (Skoufias et al., 2006; El-Nissan, 2013). (B) 

Crystal structure of the ATP-binding domain of Eg5 (PBD ID: 3KEN) with ATP bound. An 

extended loop (L5) is unique to Eg5 and contributes to the specificity and selectivity for 

inhibitors that bind to the allosteric binding pocket. 
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On site-specific molecular docking, morelloflavone was again found to potentially interact with 

Eg5 at the L5/⍺2/⍺3 allosteric pocket and might inhibit ATPase and microtubule gliding 

activities (Figure 2), as assessed by binding modes, binding energies, molecular interactions, 

and important functional groups that interact with Eg5. Figure 3A shows morelloflavone 

(yellow stick) in complex with Eg5 at the same pocket as STLC (cyan stick) with comparable 

binding pose. STLC contains three phenyl rings that fit well into the allosteric binding pocket, 

and induces conformational change in Eg5 structure to impede ADP release from the 

nucleotide binding pocket as well as Eg5-driven gliding of antiparallel spindle microtubules 

(Skoufias et al., 2006).  

Table 2-1. Estimated binding energy, molecular interaction, and IC50 values for 

morelloflavone and a few known Eg5 inhibitors. 

Ligand In silico 

binding 

energy 

(kcal/mol) 

Hydrogen 

bonds 

Residues 

involved 

in 

hydrogen 

bonding 

Bond 

length 

(Å) 

Residues 

involved in 

hydrophobic 

interactions 

IC50 for 

basal 

ATPase 

activity 

(µM) 

IC50 for 

microtubule-

activated 

ATPase 

activity 

(µM) 

Morelloflavone  -8.4 1 Tyr211 1.8 Arg119, 

Ala218, 

Leu214 

100 

 

96 

Monastrol -8.7 2 Glu116, 

Glu118 

2.8 

2.7 

Arg119, 

Pro137 

6.1 * 

 

34* 

 S-Trytil-L-

cysteine  

-10.0 3 Glu116, 

Gly117, 

Arg221 

3.2 

2.7 

3.6 

Glu116, 

Arg119, 

Tyr214, 

Pro137 

1 ** 

 

0.14 ** 

Ispinesib  -11.1 1 Glu116 2.9 Trp127, 

Tyr211, 

Pro137, 

Leu214, 

Ala218 

0.032 

*** 

 

0.003 *** 
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In silico estimations were obtained by Autodock Vina in PyMol. IC50 values for basal ATPase 

and microtubule-activated ATPase activity for morelloflavone were determined in vitro in this 

study (Figure 4), and those for reference ligands (STLC, ispinesib, and monastrol) were 

obtained from the literatures (* Maliga et al., 2002; ** Debonis et al., 2004; ***Talapatra et 

al., 2012). 

 

Visualization of Eg5-morelloflavone interaction in PyMol revealed similar binding 

conformational geometry as STLC at the putative Eg5 allosteric pocket, suggesting that both 

compounds may have similar inhibitory mechanism. In particular, the aromatic rings of the 

luteolin and one aromatic ring of apigenin group in morelloflavone fit into similar binding 

regions as the phenyl residues of STLC (Figure 3B). Indeed, morelloflavone is embedded in a 

cavity formed by Ile-136, Glu-116, Glu-118, Trp-127, Gly-117, Ala-133, Glu-215, Leu-214, 

and Tyr-211, and forms a hydrogen bond with Tyr-211 (Fig. 3c). Tyr-211 was previously 

confirmed to be in the allosteric pocket of Eg5 (Jiang et al., 2007; Kaan et al., 2009; Wang et 

al., 2012). Moreover, the luteolin group in morelloflavone is observed deeply buried within the 

hydrophobic core while the apigenin subunit occupies the solvent-exposed patches in the 

allosteric site (Figure 3A). Some hydroxyl moieties and the two carbonyl groups in 

morelloflavone (Figure 1) may play key roles in affinity, binding pose, and interaction with 

Eg5, and thus its inhibitory potential (Lee et al., 2008; Razzaghi-Asl et al., 2015). Collectively, 

these observations suggest that the interaction of morelloflavone with Eg5 is similar to that of 

STLC, and that morelloflavone may induce a conformational change in Eg5 to inhibit its 

ATPase activity (Yan et al., 2004; Skoufias et al., 2006; Kaan et al., 2009). However, the 

binding energy for morelloflavone is higher (-8.4 kcal/mol in silico) than that of reference 

ligands, suggesting lower affinity (Table I). Docking of monastrol and ispinesib, both known 

Eg5 inhibitors, also confirmed that morelloflavone may have lower affinity for Eg5 than 
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synthetic inhibitors. Notably, the binding energies for Eg5 inhibitors correlate well with IC50 

values (Table I). To validate these predictions, morelloflavone was evaluated in vitro against 

Eg5.  

 

 

 

Figure 2-3. Binding of morelloflavone to Eg5. (A) Binding configuration of morelloflavone 

to the allosteric L5/⍺2/⍺3 binding site (L5: Gly117-Gly134, ⍺2: Lys111-Glu116 and Ile135-

Asp149, ⍺3: Asn206-Thr226) in Eg5 (44). Loop 5 and ⍺2/⍺3 helices are highlighted in green 

and blue respectively. Other parts of the protein are uniformly illustrated in violet. The 

biflavonoid, (yellow stick) binds to same pocket as STLC (cyan), with the luteolin group buried 

in the allosteric pocket while the apigenin group lies in the solvent-exposed region. (B) 

Comparison of the binding poses of the aromatic rings in morelloflavone (yellow) and STLC 

(cyan), highlighted in dashed black circles. (C) Hydrogen bond (black dotted line) predicted 
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by PyMol between morelloflavone and the putative L5/⍺2/⍺3 allosteric pocket in Eg5, 

especially Tyr-211 (stick). ADP at the nucleotide-binding site is also shown. Morelloflavone 

and ADP are colored by atom type, with carbon in yellow, oxygen in red, hydrogen in white 

and nitrogen in blue. STLC is colored only in cyan to distinguish it from morelloflavone. 

 

2.3.2 Morelloflavone inhibits both basal and microtubule-activated ATPase activities of 

Eg5 

As common to all kinesins that move unidirectionally along microtubules, Eg5 utilizes ATP 

hydrolysis as energy source. Known allosteric Eg5 inhibitors were reported to trap the protein 

in the ADP-bound configuration, reducing its affinity to ATP and ultimately resulting in 

monoastral spindles in mitotic cells (Mayer et al., 1999; Kapoor et al., 2000; Maliga et al., 

2002; Lad et al., 2008). To validate in silico predictions, ATPase activity of Eg5 was measured 

in the absence (basal ATPase) or presence of microtubules (microtubule-activated ATPase) at 

various concentrations of morelloflavone. The inhibitory effect of morelloflavone was dose-

dependent, with IC50 100 µM (Figure 4A) and 96 µM (Figure 4B) against basal and 

microtubule-activated ATPase activity of Eg5, respectively. Although the turnover rate of the 

basal ATPase reaction was reported to be at least 12-fold slower than the microtubules-

activated ATPase activity (Cochran et al., 2005), evaluation of the Eg5 basal ATPase activity 

helps to understand properties of the inhibitor. The small difference in the IC50 values for basal 

and microtubule-activated ATPase activities (Table I) suggests that the binding affinity of 

morelloflavone to Eg5 may not be significantly affected by the presence of microtubules. 

Binding energies estimated in silico were also positively correlated with experimentally-

determined IC50 values (Table I).  

As shown in Figure 4C, the microtubule-activated ATPase was inhibited by 80 µM 

morelloflavone in a manner dependent on microtubule concentration (0-15 µM). This result 



 27 

indicates that morelloflavone may modulate Eg5 affinity for microtubules. The KMT value for 

microtubule association with Eg5 under the condition of the assay was 0.343 ±0.066 μM with 

Vmax of 16.29±1.44 s-1 in the absence of morelloflavone, but 3.803 ±0.585 μM with Vmax, 

13.27±0.83 s-1 in the presence of 80 μM morelloflavone. Thus, morelloflavone significantly 

affects microtubule binding to Eg5. 

The IC50 values obtained for morelloflavone in this work are higher than those of known natural 

Eg5 inhibitors such as adociasulfate-2, which blocks basal and microtubule-activated ATPase 

activity with IC50 3.5 µM and 5.3 µM respectively (Brier et al., 2006). Similarly, the 

microtubule-activated ATPase activity of Eg5 is inhibited by terpendole E with IC50 value of 

23 µM (Nakazawa et al., 2003), and by gossypol, harmine and harman with IC50 values of 10.8 

µM, 38 µM and 32 µM, respectively (Debonis et al., 2004; Oishi et al., 2010). Hence, the 

inhibitory potential of morelloflavone against Eg5 appears to be relatively moderate.  
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Figure 2-4. In vitro ATPase activity of Eg5 in presence of inhibitor. (A) Basal Eg5 

ATPase activity measured in 20 mM HEPES-KOH [pH7.2], containing 50 mM KCl, 2 mM 
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MgCl2, 0.1 mM EGTA, 0.1 mM EDTA, 1.0 mM β-mercaptoethanol and 0.5 μM Eg5. The 

reaction was initiated by adding 2.0 mM ATP, and ATPase activity was measured for 20 

minutes at 25ºC in the presence of 0-150 μM morelloflavone. Data were collected from three 

independent experiments. (B) Microtubule-activated Eg5 ATPase activity was measured for 5 

minutes at 25ºC in the presence of 3.0 μM microtubules, 0.1 μM Eg5 and 0-150 μM 

morelloflavone. (C) ATPase assay with 0-15 μM microtubule and 80 μM morelloflavone. 

 

2.3.3 Mechanism of interaction between morelloflavone and Eg5 

Blind docking experiments predicted that morelloflavone recognizes and binds to the L5/⍺2/⍺3 

region near the nucleotide binding site (Figure 3). Further validation of this result was 

performed by the PSB-SLIM method (Lee and Zhang, 2012; Omotuyi and Ueda, 2015) against 

Eg5 free of all ligands and crystallographic waters. Based on the output structures, 

morelloflavone binds to the L5/⍺2/⍺3 allosteric site with a chance of 60% (3 in 5 outputs), and 

to the nucleotide-binding site with a probability of 40% (Figure 2S). Further, the binding site 

of morelloflavone on Eg5 was mapped in vitro using varying concentrations of ATP and 

morelloflavone. As shown in Figure 5A, morelloflavone did not compete with ATP. In 

particular, morelloflavone decreased the Vmax for ATP from 5.7 s-1 to 4.9 s-1 at 50 µM and 4.3 

s-1 at 100 µM. Similarly, the Km for ATP increased from 24.9 µM in the absence of 

morelloflavone to 29.8 µM and 33.1 µM at 50 µM and 100 µM morelloflavone, respectively. 

Since a competitive inhibitor increases Km without affecting the Vmax value (Maliga et al., 

2002), these results suggest that morelloflavone is not a competitive inhibitor, but rather binds 

to the allosteric site, thereby altering the structure of the ATP binding site (Figure 5B). The Km 

for ATP in the absence of morelloflavone is comparable to the values reported by Cochran et 

al., 2004; Cochran et al., 2005 (20.7 µM and 25.1 µM), and by Lad et al., 2008 (21 µM). 
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Figure 2-5. Effect of morelloflavone on microtubule-activated Eg5 ATPase activity. (A) 

ATPase activity of 0.1 μM Eg5 in the presence of 0.5 μM microtubule and 0 μM (circle), 50 
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μM (rectangle), and 100 μM (diamond) morelloflavone. Data were collected from three 

independent experiments. (B) Fitting to the Michaelis-Menten equation of enzyme velocity in 

the presence of morelloflavone against 0-400 μM ATP. 

2.3.4 Morelloflavone suppresses Eg5 motor gliding along microtubules 

To test whether the movement of Eg5 on fluorescently labeled microtubules is reduced in the 

presence of morelloflavone, motility assay was perfomed. It was found that motor gliding along 

microtubules was suppressed by morelloflavone in dose-dependent fashion, as seen in 

histograms of velocity (Figure 6). Gliding velocity was 14.4 ± 3.2 nm/s in the absence of 

morelloflavone (control), but 12.0 ± 2.4 nm/s (Figure 6B) and 6.8 ± 2.4 2 nm/s (Figure 6C) in 

the presence of 100 µM and 250 µM morelloflavone respectively. These results show that the 

biflavonoid significantly blocks microtubule gliding. It is important to emphasize that Eg5 

mobility-dependent function has been robustly tested (Mandelkow and Mandelkow, 2002; 

Wang et al., 2012; Sadakane et al., 2018), and results herein are compatible with previous 

reports suggesting that Eg5 inhibitors induce slow release of ADP and weaken Eg5 affinity for 

microtubules (Moores, 2010). 
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Figure 2-6. Motility of Eg5. (A) In the absence of morelloflavone. (B) In the presence of 100 

μM morelloflavone. (C) In the presence of 250 μM morelloflavone. Data were collected in 10 

mM Tris-HCl, pH 7.5, 50 mM potassium acetate, 4 mM MgCl2, 2.5 mM EGTA, 1.0 mM β-

mercaptoethanol, and 20 μM taxol, 0.15 μM rhodamine-labeled microtubules, and 0.6 μM Eg5. 
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Movement of rhodamine-labeled microtubules was initiated by addition of 1.0 mM ATP, and 

observed for 30 min at 25 ºC using fluorescence microscopy.  

 

2.4 Conclusion  

In silico screening of selected plant-derived biflavonoids indicated that morelloflavone may 

potentially interact with and inhibit mitotic kinesin Eg5 in a comparable manner as STLC, a 

known inhibitor of the enzyme. In agreement with the in silico data, morelloflavone inhibited 

both basal and microtubule-activated ATPase activity of Eg5 in vitro. Although the inhibitory 

activity is moderate, the result is consistent with the binding affinity estimated in silico. The 

mixed inhibition type observed also indicates that the biflavonoid binds at an allosteric site 

rather than directly competing with ATP at the nucleotide binding site. Finally, it was observed 

that morelloflavone suppresses Eg5 motor function on microtubules, implying that binding to 

the allosteric site may elicit conformational changes that inhibit enzyme activity. Hence, 

morelloflavone is a good candidate of Eg5 inhibitor. How morelloflavone interacts with Eg5 

at atom level shall be investigated in the next phase of this project. Site-directed mutagenesis 

of amino acid residues at the predicted interface of Eg5 with morelloflavone may further 

confirm interactions, while crystallization of the ligand-protein complex may provide high-

resolution information on such interactions. 
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2.5 Supplementary materials 

 

Figure SM2-1. Predicted binding poses of selected biflavonoids on Eg5. Biflavonoids are 

shown in sticks while kinesin Eg5 is shown as gray surface. (A) Agathisflavone. (B) Bilobetin. 

(C) Ginkgetin. (D) Ochnaflavone. Some biflavonoids recognize the L5/α2/α3 allosteric pocket 

but have “poor” binding configuration relative to the reference ligand STLC, while others bind 

only to the nucleotide-binding site. Binding to the allosteric site with comparable configuration 

to that of the reference ligand was an essential selection parameter in the screening.  
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Figure SM2-2. Morelloflavone binding sites predicted by PSB-SLIM. Binding to the 

L5/α2/α3 allosteric pocket (green) and nucleotide-binding site was predicted in 3 (60%) and 2 

(40%) outputs, respectively. 
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Table SM1. Biflavonoids screened in silico. 

S/No Biflavonoid Binding energy 

(kcal/mol) 

Predicted binding site 

1.  Volkensiflavone -8.4 Allosteric pocket 

2 Succeedaneaflavone -9.2 Allosteric pocket 

3 Lanaroflavone -9.7 Nucleotide-binding 

site 

4 Prodelphinidine -8.1 Allosteric pocket 

5 Manniflavone -10.1 Nucleotide-binding 

site 

6 Kayaflavone -8.5 Allosteric pocket 

7 Hinokiflavone -9.9 Allosteric pocket 

8 GB1 -10.0 Allosteric pocket 

9 Kolaflavanone -9.9 Allosteric pocket 

10 GB2 -10.0 Allosteric pocket 

11 Ochnaflavone -10.2 Nucleotide-binding 

site 

12 Sumaflavone -9.6 Nucleotide-binding 

site 

13 Rhusflavone -9.3 Nucleotide-binding 

site 

14 Ginkgetin -8.7 Allosteric pocket 

15a (+)-Morelloflavone -8.4 Allosteric pocket 

15b (-)-Morelloflavone -10.2 Allosteric pocket 

16 Sequeojasflavone -9.5 Allosteric pocket 
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17 Procyanidin -8.1 Allosteric pocket 

18 Isoginkgetin -8.8 Allosteric pocket 

19 Cupressuflavone -8.5 Nucleotide-binding 

site 

20 Robustaflavone -10.1 Nucleotide-binding 

site 

21 Amentoflavone -9.4 Allosteric pocket 

22 Agathisflavone -8.9 Allosteric pocket 

23 Xanthorone -8.5 Allosteric pocket 

24 Podocarpusflavone A -9.2 Allosteric pocket 

25 Hydroxyxanthorone -8.4 Allosteric pocket 

26 Heveaflavone -9.2 Allosteric pocket 

27 Bilobetin -8.8 Allosteric pocket 

28 Taiwaniahomoflavone A -9.4 Allosteric pocket 

29 Taiwaniahomoflavone B -9.7 Nucleotide-binding 

site 

30 Spicataside -9.2 Allosteric pocket 

31 7-methyl-agathisflavone -9.4 Nucleotide-binding 

site 

32 7’,7” dimethyllanaroflavone -10.2 Nucleotide-binding 

site 

33 Charmajasmin -9.0 Nucleotide-binding 

site 

34 Protoanthocyannidin -9.2 Allosteric pocket 
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35 3',3" binaringenin -10.1 Nucleotide-binding 

site 

36 2',8" biapigenin -8.1 Allosteric pocket 

37 Sciadopitysin -9.2 Allosteric pocket 

38 Putraflavone -9.4 Allosteric pocket 

39 Podoverine B -9.4 Allosteric pocket 

40 Isocryptomerin -9.8 Allosteric pocket 
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CHAPTER THREE 

 

Insights into the molecular mechanisms of Eg5 inhibition by (+)-morelloflavone 
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3.1 Introduction 

An in vivo study by Li et al. (2016) reported morelloflavone (MF), a biflavonoid isolated from 

Garcinia spp., as an antitumor compound in glioma. However, the molecular mechanisms and 

protein target involved in the antitumor activity were not investigated. In the first experiment 

reported in this thesis, mitotic kinesin Eg5 was identified as the possible target for this 

bioactivity (Ogunwa et al., 2018). Kinesin Eg5 is an essential protein with key roles in cell 

division. Its inhibition can lead to a halt in mitosis or an eventual apoptosis. Both in silico and 

in vitro experiments were used to provide evidence of Eg5 inhibition by MF in the study where 

MF inhibited Eg5 basal and microtubule-activated ATPase activities. The biflavonoid also 

suppressed the microtubule gliding of Eg5 in vitro (Ogunwa et al., 2018). The inhibitory 

mechanism appears to involve direct binding to an allosteric site on Eg5 to structurally alter 

the ATP-binding pocket, thus inhibiting its enzymatic functions. 

In the current study, the underlying mechanisms of Eg5-MF interaction were thoroughly 

investigated using molecular dynamics simulation. Although X-ray crystallization and NMR 

analyses can be used to depict a protein-ligand complex, these methods only provide a snapshot 

of the complex without detailed information on the changes occurring in the protein and ligand 

structure per time during their interaction. Molecular dynamics simulation, on the other hand, 

has proved very useful in unraveling such changes at particular time intervals. Interestingly, 

computational approach has proved suitable in predicting possible mechanisms of inhibition of 

previous Eg5 inhibitors as well as depicting the binding mode and molecular interactions of 

such novel inhibitors (Nagarajan et al., 2012; Ogo et al., 2015; Wang et al., 2017). 

In the current study, morelloflavone was docked to Eg5 loop5/α2/α3 binding pocket and 

subjected to 100 ns molecular dynamics simulation. Results obtained unraveled the possible 

mechanisms underlying the modulation of Eg5 function by the biflavonoid (Figure 3-1).  
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Figure 3-1. Chemical structure of (+)-morelloflavone (Li et al., 2002). 

 

Figure 3-2. Flow-chart for the computational strategy used in this study. 
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3.2 Computational methods 

3.2.1 Starting structures 

The chemical structure of MF was built from data retrieved from the literature (Li et al., 2002). 

ChemAxon software (MarvinSketch, 2015) was used to prepare cleaned-up 2D-coordinates of 

the MF, which was converted to 3D geometry using the Conformers suit of the software based 

on the Merck molecular force field (MMFF94). The FASTA format of Eg5 (PDB ID: 3KEN) 

was retrieved from PubMed to model the starting protein structure on Swiss-Model server [94]. 

The 3D structure of modeled Eg5 was visualized with PyMol (Delano, 2002) as a cartoon 

representation for observation of the co-crystallized ligands. All water molecules and ligands, 

except adenosine diphosphate (ADP), were deleted. Molecular docking was carried out using 

the modeled structure to obtain Eg5-ADP-MF complex as described previously (Ogunwa et 

al., 2019). To generate Eg5-ATP-MF complex, the co-crystallized ADP was simply replaced 

with ATP having the adenine, ribose, and string of phosphate groups well aligned. Next, the 

bound MF molecule was deleted to obtain the control complexes (Eg5-ADP and Eg5-ATP). 

For comparison, crystal structures of Eg5 in complex with two potent inhibitors (STLC and 

ispinesib) were retrieved as Eg5-ADP-STLC (PDB ID: 3KEN) and Eg5-ADP-ispinesib (PDB 

ID: 4AP0), respectively, from the RCSB PDB Data Bank (www.rcsb.org). Missing segments 

of the protein structures were modeled. In addition, the cocrystallized ispinesib, which 

appeared to have lost the alkyl group, was substituted with a complete ispinesib structure 

obtained from the Macromodel MAESTRO suite. Finally, the cocrystallized ADP molecule in 

these structures was substituted with an ATP molecule to generate the Eg5-ATP-STLC and 

Eg5-ATP-ispinesib complexes. Autodock Vina on PYMOL was used for preparing these 

complexes (Seeliger and de Groot, 2010; Trott and Olson, 2010). 
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3.2.2 Biosystems setup 

Energetic parameters for ADP and ATP were obtained from the AMBER parameter database 

(Meagher et al., 2003). Inhibitors parametrization was carried out using the general AMBER 

force field (GAFF) (Wang et al., 2004). For the protein structures, the H++ server 

(Anandakrishnan et al., 2012) was used to compute pK values of ionizable amino acids and the 

correct protonation state was assigned to the residues based on a pH value of 7. All the histidine 

residues were protonated at the epsilon position and all the aspartic and glutamic acids were 

retained in their anionic form. The protein and ligands were combined to obtain the biosystems 

for MD simulation starting from the docked cluster as previously reported (Ogunwa et al., 

2019). A cubic periodic boundary condition was then set up corresponding to a cubic box 10 

nm long in all directions and with the complex at its center. Solvation of all the biosystems in 

a transferable intramolecular potential three-point (TIP3P) water model (Jorgensen and 

Madura, 1983) was carried out, followed by a neutralization using Na+/Cl- ions (0.15 M). Prior 

to proceeding to minimization and dynamics, the geometry of the ligands was optimized at the 

B3LYP/6-31G* level using G09 (Frisch et al., 2010), to obtain their charges and the missing 

AMBER parameters (Jakalian et al., 2002; Duan et al., 2003). The obtained system was then 

minimized with the steepest descent algorithm (10,000 steps) followed by 5,000 cycles using 

conjugate gradient algorithm until the threshold (Fmax<100 kJ/mol) was reached. 

3.2.3 Molecular dynamics (MD) simulation 

Groningen Machine for Chemical Simulations (GROMACS) version 5.0 (Van Der Spoel et 

al., 2005; Aliev et al., 2014) was used to run all atomistic simulation for trajectory analyses 

employing the AMBER-99SB-ILDN force field (Lindorff-Larsen et al., 2010). Equilibration 

was carried out using an accurate leap-frog integrator for equations of atomic motion with a 

time-step of 0.002 fs at constant number of particles, volume and temperature (NVT) for 200 

ps and constant number of particles, pressure and temperature (NPT) condition for 2 ns. 



 44 

Temperature was kept at 310 K using V-rescale thermostat algorithm (Lee et al., 2014) with a 

short preliminary 200 ps run in the NVT ensemble, applying the positional restraints to the 

protein with a force constant of 1000 kJ/mol, for the whole NVT run while Parrinello-Rahman 

barostat algorithm was used to maintain pressure at 1bar (Parrinello and Rahman, 1981). 

During these steps, protein and ligand as well as water and ions were coupled to their own 

temperature and 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 (Hess 

et al., 1997). The particle mesh Eldward (PME) algorithm was used to estimate the electrostatic 

interactions (Darden et al., 1993; Laudadio et al., 2017; Mangiaterra et al., 2017). The cut-off 

range for electrostatic and Van der Waals interactions was set to 1.2 Å for both. Using the more 

accurate Nosè-Hoover thermostat and setting the time constant for coupling to 0.5 ps, 

production phase simulation was performed for 100 ns in NPT ensemble on each of the 

biosystems with removal of all positional restraints (Nose, 1984; Galeazzi et al., 2018). 

3.2.4 Umbrella sampling and Data analysis 

MD trajectories generated during 100 ns were analyzed using GROMACS toolkit utilities. 

RMSF, RSMD, Rg and hydrogen bond distribution for each system were determined (Hess et 

al., 2008). g_dist tool was used to estimate the distance between residues (Nose, 1984). 

Umbrella sampling simulations are used to determine the ∆G of binding (Lemkul and Bevan, 

2010) along the dissociation main axis that corresponds the reaction coordinate ξ (rc) chosen 

as the distance between the center of mass (COM) of Eg5 inhibitor molecules and the midpoint 

of the line connecting the backbone atoms of amino acids that compose the inhibitors binding 

site. The ξ chosen has been proved to be suitable to describe the transition between the 

inhibitors-bound and the inhibitors-unbound structures. Umbrella sampling simulations were 

run between ξ =16 Å using a harmonic force constant, k= 40 kcal/mol. For each sampling 

window, the 100 ns equilibrated Eg5-ADP-inhibitor complexes obtained after 100 ns were used 
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for other 200 ps followed by another 1 ns MD for the umbrella sampling; the free energy 

profiles of the three studied systems were then compared and quantified. The changes in free 

energy along the reaction coordinate were calculated using WHAM (Grossfield, 2019). Free 

binding energy (Gbinding) of Eg5-inhibitors complexes was determined by the MM/PBSA 

method using the g_mmpbsa tool (Kumari and Kumar, 2014). Snapshots were extracted at 

every 10 ps to calculate the free Gibbs energy values (Gabbianelli et al., 2015; Tilio et al., 

2016; Fedeli et al., 2017). PyMol was used for visualization and interaction analysis of the 

docked complexes. VMD and CHIMERA softwares were employed for trajectory visualization 

and analyses, while Xmgrace (Grace 5.1.21) was used for generating the plots (Humphrey et 

al., 1996; Pettersen et al., 2004; Turner, 2005; Galeazzi et al., 2015). 

 

3.3 Results and discussion 

Figure 3-1 shows the chemical structure of MF, a Garcinia biflavonoid having a luteolin-

apigenin structure (Li et al., 2002). Eg5-MF complex stability, conformational and structural 

behaviors were investigated herein, and compared the results to those of known inhibitors of 

Eg5 (ispinesib and STLC) (Skoufias et al., 2006; Lad et al., 2008). In total, eight biosystems 

were prepared including (1) ADP-bound Eg5, (2) ATP-bound Eg5, (3) Eg5 in complex with 

ADP and STLC, (4) Eg5 in complex with ADP and ispinesib, (5) Eg5 in complex with ATP 

and STLC, (6) Eg5 in complex with ATP and ispinesib, (7) Eg5 in complex with ADP and MF 

and (8) Eg5 in complex with ATP and MF (Figure 3-2). Among these, the first two biosystems 

served as negative controls, the next four biosystems were used to sample known inhibitors of 

Eg5 for comparison to MF, and the last two biosystems were the test complexes to investigate 

the activity of MF towards Eg5. From 100 ns molecular dynamics (MD) runs carried out on 

each of the biosystems, data were critically analyzed to gain insights into the effect of MF on 

the Eg5 structure and catalytic function. 
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3.3.1  MF exhibits stability in complex with Eg5 at the allosteric pocket 

First, the stability of all the complexes during the simulation timeframe was monitored, using 

the root means square deviation (RMSD) to observe when the trajectories plateaued and 

converged towards an equilibrium state. As shown in Figure 3-3, all the complexes stabilized 

around 50 ns and remained stable throughout the 100 ns simulation. Before reaching stability, 

the Eg5-ADP-MF complex showed fluctuation up to 1.03 ± 0.12 Å (Figure 3-3A). The RMSD 

value of Eg5-ATP-MF was relatively low, as the system converged around 1.01 ± 0.35 Å 

(Figure 3-3B). In the first 25 ns of the simulation trajectory, Eg5-ATP-MF had an RSMD 

comparable to that of Eg5-ATP. Thereafter, the RMSD increased to a level similar to that of 

Eg5-ATP-ispinesib and Eg5-ATP-STLC, and was maintained until the end of the simulation. 

It was apparent that the Eg5-ATP showed a very stable complex with the lowest RMSD (0.75 

± 0.05 Å) and converged within the shortest time (20 ns) (Figure 3-3B). The ADP-bound Eg5 

was less stable than ATP-bound Eg5 as the biosystem converged after 20 ns (Figure 3-3A). 

The difference in the nucleotides structure, i.e., the presence of a γ-phosphate in ATP which is 

missing in ADP, may contribute to the variation in the RMSD values. The relatively high 

RMSD values of Eg5-ATP-inhibitor complexes compared to the ATP-Eg5 complex suggest a 

structural deviation and conformational modifications in Eg5 occasioned by the presence of 

the inhibitors (MF, STLC, and ispinesib). Among the ADP-bound complexes, the highest 

RMSD value was observed with MF (1.03 ± 0.12 Å). Early into the simulation, STLC- and 

ispinesib-bound Eg5 in the presence of ADP displayed comparable structural deviation, with a 

slight deviation at the end of the 100 ns timeframe (Figure 3-3A). Eventually, the RMSD of 

Eg5-ADP-ispinesb and Eg5-ADP complexes became converged at around 0.9 ± 0.08 Å and 

0.88 ± 0.12 Å, respectively, whereas that of Eg5-ADP-STLC was reduced to approximately 

0.85 ± 0.05 Å. On the other hand, variation was observed in the ATP-bound counterpart of the 

complexes within the first 25 ns (Figure 3-3B). It is notable that the Eg5-ATP complex 
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exhibited a lower RMSD value than the Eg5-ADP complex. The difference in nucleotides 

structure may contribute to the variation in the RMSD values. Usually, Eg5 hydrolyses ATP to 

ADP and Pi at the nucleotide-binding site to facilitate the generation of a favourable 

configuration that can interact with microtubules (Farrell et al., 2002; McGrath et al., 2013). 

Convergence of Eg5 complexes at 50 ns in the current study suggests the stability of the 

biosystems during the simulation (Scarabelli et al., 2014).  

To verify the stability of the complexes, the biosystem structures were checked in the presence 

and absence of inhibitors using radius of gyration (Rg) analysis. As presented in Figure 3-3C, 

the Rg of the Eg5-ADP complex without inhibitor initially rose from 2.05 nm to nearly 2.4 nm 

early into the simulation (20 ns), but then continuously decreased to approximately 2.26 nm at 

the end of the simulation. However, this value was apparently higher than that obtained for the 

inhibitor-bound Eg5-ADP complexes (Figure 3-3C), suggesting an inhibitor-induced 

compactness in Eg5. For instance, the Rg value for Eg5-ADP-MF was reduced from 2.14 nm 

to less than 2.07 nm at 60 ns, and later slightly increased to 2.13 nm, which was the lowest 

among all complexes. In contrast, for the corresponding Eg5-ATP-MF complex, the Rg 

increased from 2.06 nm to 2.21 nm throughout the simulation (Figure 3-3D), which was lower 

than that of Eg5-ATP. The presence of γ-phosphate of ATP might play a role in the Rg increase. 

For STLC- and ispinesib-bound Eg5-ATP structures, Rg values were also lower compared to 

Eg5-ATP. These results suggest that the inhibitor-bound Eg5-nucleotide structures are very 

compact. Focusing on the inhibitors; they were stably resident within the loop5/α2/α3 allosteric 

pocket (Figure 3-3E), and the integrity of the Eg5 structure was maintained during the MD 

simulation, despite the observed fluctuations and displacements (Kumaresan et al., 2011). 
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Figure 3-3. Stability and compactness of Eg5 complexes. (A) RMSD of complexes in the 

presence of (A) ADP, and (B) ATP. Rg values of complexes in the presence of (C) ADP and 

(D) ATP. (E) MF (green stick), STLC (yellow), and ispinesib (magenta) are stably resident 

within the loop5/α2/α3 binding pocket. 

 

3.3.2 MF induces Eg5-loop5/α2/α3 pocket closure in a manner comparable to STLC 

STLC and ispinesib reportedly both bind the allosteric pocket formed by the loop5/α2/α3, 

E
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despite having diverse chemical structures (Kim et al., 2010; Talapatra et al., 2012; Kaan 

2013). Based on an Eg5-MF model generated by molecular docking, it was predicted that MF 

also binds at the allosteric loop5/α2/α3 pocket, ~12 Å from the nucleotide-binding site 

(Ogunwa et al., 2019). To unveil the possible effect of MF binding on the loop5/α2/α3 pocket 

in comparison with the effects of STLC and ispinesib, the opening or closing of the allosteric 

binding pocket in Eg5 was studied by measuring the distance between selected residues located 

on α3 and loop5, which formed the binding pocket. First, the distance between Trp127 and 

Glu215—two important residues—at the loop5/α2/α3 pocket was estimated. Trp127 is one of 

the functionally essential residues on loop5 that has been majorly implicated in the 

opening/closure of Eg5 allosteric pocket. Glu215, on the other hand, is located on α3 of the 

protein (Supplementary Figure S3-1). As early as 20 ns into the simulation, the allosteric pocket 

of Eg5, in the absence of inhibitors (Eg5-ADP), began to open (as deduced from the eventual 

distance between residues Trp127 and Glu215) reaching 2.31 ± 0.2 Å, and failed to close till 

the end of the simulation (Figure 3-4A). Evidently, the presence of MF rapidly reversed 

opening of the pocket; the Trp127—Glu215 distance in the Eg5-ADP-MF complex decreased 

from 1.13 Å to as low as 0.45 Å (Figure 3-4A). Despite the apparent attempt by the binding 

pocket to return to its open conformation, the presence of the inhibitor successfully prevented 

the allosteric pocket from opening. Interestingly, the protein remained in this state until the end 

of the simulation. The STLC and ispinesib data revealed a relatively tight closure of the 

loop5/α2/α3 pocket, which may have implications for their potency. For Eg5-ATP complex, 

the loop5/α2/α3 pocket opened as early as 3.5 ns during the simulation, with an attempt to close 

at approximately 20 ns. However, this attempted closure was promptly reversed and the 

distance increased to 3.44 Å. All other attempts to return the binding pocket to its closed state, 

mainly at 18 ns, 22 ns, and 60 ns, resulted in large increase in the Trp127-Glu215 distance 

(Figure 3-4B), indicating that the Eg5 allosteric pocket was open in the absence of inhibitors.  
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Figure 3-4. Distances (in Å) between Eg5 Trp127 and Glu215 residues in the presence of (A) 

ADP and (B) ATP. (C) Estimated distances (in Å) between Trp127 and Tyr211 on Eg5 in the 
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presence of ADP and inhibitors. (D) RMSD of loop5 in Eg5-ADP-inhibitor complexes. (E) 

Loop5 trapped in the close conformation by inhibitor (MF, reported in green). (F) Comparison 

between final conformations of STLC (in yellow sticks) and MF (in green sticks) in complex 

with Eg5 (in blue ribbons) and ADP. The movement of the two inhibitors toward loop5 is 

comparable. 

 

However, binding of MF, STLC, or ispinesib induced the Eg5 allosteric pocket to switch from 

the open to the closed conformation. This observation on the loop5/α2/α3 pocket of Eg5 was 

further substantiated by evaluating the distance between Tyr211 and Trp127. Indeed, the 

distance between these residues decreased significantly in Eg5-ADP-MF and Eg5-ADP-STLC 

structures compared to Eg5 structures in the absence of inhibitors (Figure 3C), suggesting the 

trapping of loop5 in the downward position. Notably, these observations are compatible with 

various crystals of Eg5-inhibitor structures (Garcia-Saez et al., 2007; Kaan et al., 2009; Zhang 

et al., 2011; Talapatra et al., 2012). 

Furthermore, the RMSD of loop5 during the MD simulations in the presence and absence of 

inhibitors was estimated. The results revealed lower values for inhibitor-bound Eg5 structures, 

suggesting a ligand-induced tightening of the allosteric pocket (Figure 3-4D). The values were 

0.73 ± 0.06 Å for Eg5-ADP, 0.62 ± 0.05 Å for Eg5-ADP-ispinesib, 0.4 ± 0.03 Å for Eg5-ADP-

STLC, and 0.31 ± 0.02 Å for Eg5-ADP-MF. Finally, the Eg5-MF complex was deeply 

inspected, and the loop5 could indeed be seen in the downward position when MF was bound 

(Figure 3-4E). Analyzing the poses at the end of the MD simulations, a very similar 

reorientation for MF and STLC within the loop5/α2/α3 pocket was observed. Both inhibitors 

moved closer to loop5 as confirmed from the interaction modes and the distance from loop5 

(Figure 3-4F). This behavior remarks the likely similar mode of action of these molecules, 

which is compatible with their comparable binding configuration (Ogunwa et al., 2019).  
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3.3.3 MF induces compactness and stabilizes the Eg5 allosteric pocket 

To better understand the local effect of MF and other inhibitors on the Eg5 loop5/α2/α3 pocket, 

the degree of movements associated with the binding site throughout the simulation was 

investigated in more details, within a distance of 8 Å in all directions around the inhibitors. In 

this range, the residues Thr112, Phe113, Met115, Glu116, Gly117, Glu118, Arg119, Ser120, 

Trp127, Glu128, Leu132, Ala133, Gly134, Ile136, Pro137, Arg138, Leu171, Leu172, Tyr211, 

Ile213, Leu214, Glu215, Lys216, Ala218, Ala219, Lys220, Arg221, Thr222, and Phe239 were 

found and used to prepare an index file. The RMSD plots for the allosteric pocket in the Eg5-

ADP and Eg5-ATP complexes were unsteady, with high fluctuations of up to 0.6 Å (Figure 3-

5A and 3-5B). This may be due to the presence of loop5 within the region. The elongated and 

conserved loop5 (residues Gly117–Gly133) significantly contributes to the creation of the 

hydrophobic cleft in conjunction with α2 and α3 helices to accommodate interacting inhibitors. 

Some authors have suggested that loop5 can regulate the rate of conformational change 

occurring at the nucleotide-binding pocket (Zhang, 2011; McGrath et al., 2013; Scarabelli et 

al., 2014; Nagarajan et al., 2018). Notably, the presence of MF in the allosteric site decreased 

such fluctuations. The Eg5-ADP-STLC complex showed the lowest RMSD values and 

stabilized around 0.42 Å at 100 ns. The RMSD patterns obtained for Eg5-ATP-inhibitor 

complexes were similar to those of ADP-bound Eg5-inhibitor complexes.  

Next, the Rg of the allosteric binding site was investigated for all Eg5 complexes evaluated in 

this study (Figure 4C and 4D). It was found that ispinesib, which showed the lowest impact on 

the RMSD of the putative allosteric pocket of Eg5, actually induced the highest degree of 

compactness on the binding cleft. The compactness was stronger at the allosteric pocket 

compared to the global protein structure in both ADP- and ATP-bound complexes (Figure 3-

5C and 3-5D). It was also observed that the compactness caused by MF binding to the 

loop5/α2/α3 binding pocket in the presence of nucleotides was stronger than that of STLC. 
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Although the known inhibitors of Eg5 displayed varied structural properties, most of them still 

identify and bind the allosteric site to exert their inhibitory effects. Together, these data 

indicated that, in addition to inducing closure of the loop5/α2/α3 allosteric pocket, MF 

stabilizes and compacts the allosteric pocket as part of its interaction mechanisms. 

 

Figure 3-5. RMSD profiles of the allosteric pocket in Eg5 in the presence of (A) ADP and (B) 

ATP. Rg values of the Eg5 allosteric pocket in the presence of (C) ADP and (D) ATP. 

3.3.4. Binding of MF on the allosteric site alters the Eg5 structural conformation 

To explore the structural behavior of Eg5 in the presence or absence of MF, the distance 

between selected regions, such as switch I, switch II, α-helix 4 and the central β-sheet (β6) of 

ADP-bound Eg5 was estimated, and compared the data with those obtained for STLC and 

ispinesib. Switch I region encompasses residues Met228–Ser235 (highlighted in yellow in 
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Figure 3-6A), whereas switch II comprises Leu266–Asn289 (red in Figure 3-6B). β6 consists 

of His236–Met245 (orange in Figure 3-6B), and α-helix 4 encompasses Gln290–Val303 (light 

green in Figure 3-6A). For the analysis, an index file was created for each system, in which all 

the above residues were recorded and the distances between these regions were monitored 

throughout the MD simulation. As the switch I loop conformation is known to aid ATP binding 

through formation of a closed nucleotide-binding cleft (Parke et al., 2010), it became important 

to evaluate the distance between switch 1 and α-helix 4 along the simulation trajectories. In 

biosystem without inhibitor, the initial distance between these two domains was 0.58 Å. 

Twenty nanoseconds into the simulation, an increase in this distance to 0.92 Å was observed, 

which was retained throughout the rest of simulation (Figure 3-6A). In the presence of 

inhibitors, switch I and α-helix 4 became very close to each other. In detail, the final distance 

was 0.54 Å, 0.22 Å and 0.26 Å for the Eg5-ADP-ispinesib, Eg5-ADP-STLC, and Eg5-ADP-

MF complexes, respectively. These results indicate that the inhibitors influence the motions of 

Eg5 structure, and that STLC and MF may have a similar inhibitory mechanism. The space 

between switch 2 and β6 was analyzed and a similar distance (size 0.25 Å) was observed for 

all Eg5 complexes at the beginning of simulations (Figure 3-6B). After 25 ns of simulations, 

this distance reached 0.66 Å in Eg5-ADP-ispinesib and was maintained around 0.65 Å until 

the end of the simulation. This is a peculiar behavior, which suggests the likely different mode 

of action of ispinesib with respect to the other inhibitors studied. In fact, for the other 

complexes, final distances ranged between 0.23 Å and 0.27 Å. Previous reports on wet 

experiments have suggested that inhibitors that bind to the Eg5 allosteric pocket can induce an 

Eg5 conformation with weak affinity to microtubules (Luo et al., 2004; Lad et al., 2008; 

Behnke-Parks et al., 2011; Chen et al., 2017). 
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Figure 3-6. Structural behavior of Eg5 in the presence and absence of inhibitors. Distance of 

(A) switch I from α2-helix and (B) switch II from the central β-sheet. Graphs are shown as Eg5 

without inhibitors (black), with ispinesib (red), with STLC (blue), and with MF (green). 

Inhibitor (sphere, cyan) is bound to the allosteric pocket whereas the nucleoside-phosphate 

(sphere, blue) complexed with Eg5 at the ATP/ADP-binding site. The estimated distance 

between selected Eg5 segments plotted for STLC and MF are similar. RMSF profiles of (C) 

ADP-bound Eg5 complexes and (D) ATP-bound Eg5 complexes. (E) Fluctuations in Eg5 

regions induced by MF. The β-sheets, α-helices, and loops secondary structure are highlighted 

in blue, pink, and white, respectively. 

 

The binding of MF to the allosteric pocket of Eg5 prompts the evaluation of the flexibility of 

ATP- and ADP-bound Eg5 complexes in the absence and presence of the inhibitor so as to 

understand how the compound might alter the overall protein conformation. The root mean 

square fluctuation (RMSF) profiles shown in Figure 3-6C and 3-6D showed a similar trend of 

residual fluctuations at different regions of Eg5 for all the complexes. The unsteady profile in 

the RMSF plots reflects the structural alterations in the highly flexible regions of the protein 

which is consistent with its b-factor (Figure SM3-2). For instance, the β-sheet that is buried 

into the core of Eg5 has lower RMSF values than solvent-exposed regions, such as the neck 

linker and the loop regions. Eg5-ATP displayed reduced flexibility at the N-terminus of the 

neck linker region when compared to Eg5-ADP (Figure 3-6C and 3-6D). In the Eg5-ADP 

structure, the switch I region showed higher fluctuation than in Eg5-ATP. This may be due to 

the absence of γ-phosphate in ADP, which is consistent with a previous study that revealed that 

the lack of γ-phosphate in ADP-bound Eg5 allows the switch I portion of Eg5 to move 

frequently during simulation (Nagarajan et al., 2018). Hence, the Eg5-ATP structure is more 

rigid than the Eg5-ADP complex. In this study, the fluctuations recorded for the switch II 
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region were lower in Eg5-ATP than in Eg5-ADP. These observations are often associated with 

the repeated contacts formed by switch I with γ-phosphate of ATP, and switch II which 

afforded a β-hairpin conformation (Scarabelli and Grant, 2014). Since these interactions are 

missing in ADP-bound Eg5, it permits the Eg5-ADP structure to adopt a range of diverse 

conformations resulting in enhanced flexibility. Another probable explanation for the relatively 

rigid state of switch II in the Eg5-ATP complex is a hydrophilic interaction between γ-

phosphate oxygen of ATP and the nitrogen moiety of Gly268 (Nagarajan et al., 2018), which 

can position the switch II loop in a manner that might cause steric hindrance against Eg5-

microtubule binding. Furthermore, a hydrogen bond between the oxygen moiety of the ATP 

ribose ring and the amide nitrogen of Asn29 possibly afforded switch II less flexibility 

(Nagarajan et al., 2018). It must be noted that this hydrogen bond is not formed in the presence 

of ADP since the missing γ-phosphate group in ADP allows the molecule to be placed slightly 

upward in the nucleotide-binding cleft. Hence, the ribose ring and amide nitrogen of Asn29 

cannot interact (Nagarajan et al., 2018). It should be emphasized that switch I, switch II, and 

various other loops of Eg5, including the loop5, loop7 and the p-loop, are functionally essential 

in the mitotic protein, and interference with their structural characteristics may affect the 

enzyme functions. Relative to the inhibitor-free Eg5 structures, the presence of MF, STLC, and 

ispinesib distorted the flexibility of Eg5, indicating their potential to induce conformational 

change in the protein. The binding of MF to Eg5 was mostly associated with a reduction in 

fluctuation of Eg5. However, it appears that the tubulin-binding region gains flexibility of 

residues after MF interaction (Figure 3-6E), and MF may interfere with Eg5-microtubule 

interaction as one of its possible Eg5 inhibitory mechanisms. This is in agreement with an 

earlier report that MF significantly affect microtubule binding to Eg5 and inhibited its 

microtubule-activated ATPase activities (Ogunwa et al., 2019). 
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3.3.5. Binding free energy estimation for Eg5-inhibitor complexes 

To quantify the effects of small modifications on the complexes, and provide means to partition 

of free energy, the ligands dissociations energies of ispinesib, STLC and MF in Eg5 model was 

determined from umbrella sampling (Lemkul and Bevan, 2010). Figure 3-7 shows that the 

ligand dissociation free energy barrier of ispinesib is significantly higher compared to those of 

STLC and MF. In fact, in the case of Eg5-ADP-ispinesib, the energy value is around 39 

kcal/mol. MF shows a free energy barrier at 28.7 kcal/mol, higher than STLC (25.5 kcal/mol). 

This result suggests the similar features between the Eg5-ADP-STLC and Eg5-ADP-MF 

complexes. Another interesting observation is the existence of a plateau region in the energy 

curve for all inhibitors. Analysis of structures from the simulations for ξ = 6 to 8 Å (for 

ispinesib) and ξ =8 to 10 Å (for STLC and MF) shows that ispinesib presents a different 

temporary stabilized state relative to the STLC and MF. The presence of these stabilized 

temporary phases for all three inhibitors is due to the different environment, and magnitude of 

the non-equilibrium contributions. Indeed, at a molecular level, every dissociation event in 

solution involves slightly different arrangements of atoms and therefore the kinetic data is not 

explained by a single barrier height but rather by a distribution of barriers. Three different states 

can be distinguished: 

1. Bound state (windows 0–5 for ispinesib, 0-7 for MF, and 0-8 for STLC) where the 

inhibitors are tightly bound to Eg5 via their numerous charge contacts. This effectively restricts 

the inhibitors’ rotational freedoms such that similar behavior is observed across all trajectories.  

2. Transition state (windows 5-10 for ispinesib, 7-10 for MF, and 8-10 for STLC) where 

inhibitors must undergo some rotation to break out. In this region, the interactions between 

inhibitors and Eg5 are gradually broken. This corresponds to increasing rotational freedom in 

the molecules. 

3. Electrostatic region (windows 10-14 for ispinesib, 10-14 for MF, and 10-12 for STLC) 
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where all direct contacts have been severed, and residual electrostatic interactions have been 

screened by incoming waters. Under weak electrostatic attractions, the inhibitor molecules are 

more or less rotationally free.  

Umbrella sampling results showed that MF has very similar energy values to STLC, a known 

Eg5 inhibitor. It was also revealed that there are many correspondences between the barrier 

heights of Eg5-ADP-STLC and Eg5-ADP-MF, suggesting similar manners to obtain 

dissociation complexes. These data confirm that MF is a promising Eg5 inhibitor. 

The Molecular Mechanics-Poisson Boltzmann Surface Area (MM/PBSA) method was also 

used to calculate the complexes overall free Gibbs energy (i.e. stability). Snapshots of 

trajectories from 100 ns simulations at every 10 ps of stable intervals were retrieved to serve 

as inputs for free energy determination. The binding free energies and their corresponding 

components for Eg5-inhibitor complexes are presented in Table 1. Generally, energy terms that 

contribute to protein-ligand complex formation are broadly categorized into polar (polar 

solvation and electrostatic) and non-polar (Van der Waals and non-polar solvation) energies 

(Kumari and Kumar, 2014). In this study, electrostatic interactions, polar solvation energy and 

van der Waals were negative whereas non-polar solvation was the only positive energy term 

for the complexes. This suggests that the major impairment to binding in all Eg5-inhibitor 

complexes was the non-polar solvation energy whereas electrostatic interactions, polar 

solvation energy, and van der Waals mainly facilitate ligand binding at the Eg5 allosteric site. 

In other words, Eg5-ADP-MF, Eg5-ADP-STLC and Eg5-ADP-ispinesib complexes are mainly 

stabilized by electrostatic, van der Waals, and polar solvation energies.  

Notably, electrostatic interaction was a predominant contributor to the total binding energy in 

all the complexes, whereas Van der Waals interaction energy contributed the least. For STLC 

and MF complexes, the contributions of all energy terms were comparable. This is consistent 

with data from umbrella sampling (Figure 3-7). However, the Van der Waals and polar 
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solvation energies were much lower than those found for ispinesib. The binding energies of 

Eg5-ADP-Ispinesib, Eg5-ADP-STLC and Eg5-ADP-MF were -96.31, -88.98, and -93.66 

kJ/mol, respectively. These results indicate that Eg5 inhibitors bind tightly to the protein in a 

manner that may be sufficiently strong to induce structural modifications and interfere with the 

ATPase and motor activities of the enzyme. The energy values also indicated that the binding 

process was spontaneous at the loop5/α2/α3 pocket, lending credence to the initial prediction 

of the allosteric pocket as the actual binding site for MF. Among all the ligands investigated, 

ispinesib exhibited the highest affinity to the allosteric pocket of Eg5 (Table 1), revealing the 

favorable interaction between Eg5 and ispinesib, which may be implicated in its inhibitory 

potency (IC50 = 3 nM) (Talapatra et al., 2012). 

 

 

Figure 3-7. Potential of mean force along the reaction coordinate for the dissociation of 

inhibitors in Eg5 protein. The behavior of ispinesib (red), STLC (blue) and MF (green) are 
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shown. The vertical solid double-headed arrows indicate the free energy barriers for the 

inhibitor dissociations. 

 

Table 1. Energy estimation 

 

Energy (kJ/mol) 

Eg5-ligand complexes 

EG5+ADP+Ispinesib EG5+ADP+STLC EG5+ADP+MF 

Van der Waals -54.5 ± 8.50 -20.3 ± 9.0 -20.7 ± 8.7 

Electrostatic -103.6 ± 11.0 -158.7 ± 10.7 -156.1 ± 11.1 

Polar solvation -65.1 ± 9.1 -36.1 ± 7.5 -40.1 ± 7.7 

Non-polar solvation 126.9 ± 34.2 126.1 ± 34.3 123.2 ± 33.4 

Binding energy -96.31 ± 9.5 -89.0 ± 8.9 -93.7 ± 9.2 

 

3.3.6 MF alters the affinity of nucleotides to the active site of Eg5 

Figure 6A shows the predicted binding affinity of ADP on Eg5 in the absence and presence of 

inhibitors. It was previously shown that the presence of inhibitors changes the stability of Eg5-

nucleotide complexes. Here, the binding energy of ADP was lowered by the inhibitors (Figure 

3-8A). This may contribute to the suppression of ADP release from the Eg5 active site — an 

essential mechanism in Eg5 inhibition. The reduced affinity of Eg5 for nucleotides may weaken 

its affinity to microtubules. To better understand this behavior, the stability of the active site 

by examined by computing the RMSD and Rg for each biosystem in the absence and presence 

of the inhibitors. The active site of Eg5 in complex with ATP had lower RMSD values and was 



 62 

relatively more stable than the ADP counterpart (Figure 3-8B). This is consistent with previous 

finding that the reduced flexibility in the Eg5-ATP complex was occasioned by the presence 

of γ-phosphate. Lack of the γ-phosphate in ADP increases the number of potential 

conformations and thus, lowers the stability of the complex. STLC, ispinesib, or MF had varied 

effects on the stability of the nucleotide-binding site (Figure 3-8C–E).  

 

 

Figure 3-8. (A) Binding affinity of ADP with Eg5 during MD trajectories calculated using 

MM/PBSA method on the 100 ns trajectories. RMSD profiles of the active site in (B) Eg5-
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ADP versus Eg5-ATP, (C) Eg5-ADP-ispinesib versus Eg5-ATP-ispinesib, (D) Eg5-ADP-

STLC versus Eg5-ATP-STLC and (E) Eg5-ADP-MF versus Eg5-ATP-MF. (F) Rg of Eg5-

ATP complexes. 

 

The Eg5-ATP-inhibitor complexes displayed greater stability for the active site than the Eg5-

ADP-inhibitor as deduced from the RMSD plots. It is suggested that the binding of MF, STLC, 

or ispinesib to Eg5 drives the protein to adjust its allosteric pocket to accommodate the 

inhibitors. This consequent structural alteration can affect the stability of the nucleotide-

binding site which is located roughly 12 Å away from the inhibitor-binding pocket. To obtain 

more clear information, the Rg of the ATP-binding pocket for the Eg5 complexes was 

monitored. The Rg values were higher than that of MF-bound Eg5 (Figure 3-8F), indicating 

that the inhibitor increases the compactness of the active site. A similar result was obtained for 

STLC, but not for ispinesib, which increased the Rg from 1.55 nm to 1.91 nm. This suggests 

that ispinesib decreases the degree of compactness in Eg5 at the nucleotide-binding pocket, 

highlighting again the probable different mode of action of ispinesib compared to MF. 

 

3.4 Conclusion 

Eg5 is a validated target for antimitotic agents owing to its importance in cell division. As MF 

(an anticancer biflavonoid) was previously found to inhibit Eg5 activities, the dynamics of the 

Eg5-MF interaction at the molecular level was investigated by using atomistic simulation to 

explain the inhibitory mechanism of the biflavonoid. MF displayed tight binding on the 

loop5/α2/α3 pocket of Eg5 in a manner similar to STLC and ispinesib, which implies that the 

allosteric pocket is its binding site on Eg5. MF binding induced closure of the allosteric pocket 

through trapping the loop5 in the “closed” conformation, comparable with the previously 

reported Eg5 crystal structures co-crystallized with potent inhibitors. Structural modifications 
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of the tubulin-binding region in the presence of MF can compromise the normal binding mode 

of Eg5 with microtubules as one of the MF mechanisms for inhibiting Eg5 ATPase and motility 

functions. Upon MF binding, the Eg5 allosteric pocket becomes very compact and stabilized, 

suggesting a more rigid structure that can contribute to the trapping of Eg5 in the ADP-bound 

conformation. Taken together, the data show that the inhibition of Eg5 activities by MF indeed 

involves a stable interaction with the protein at the putative allosteric pocket, and alteration of 

the conformation of the enzyme. In vivo experiments to confirm the inhibitory mechanisms of 

morelloflavone against Eg5 and crystallization of Eg5-nucleotide-MF shall be undertaken in 

subsequent research work to gain more insights on the evolution and biochemical implication 

of the molecular structure of the complexes. 

 

3.5 Supplementary materials 

   
Figure SM3-1. Cartoon representation of Eg5 crystal (motor domain) showing amino acid 

residues Trp127 and Glu215 (yellow stick), and Trp127 and Tyr211 (orange stick). 
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Figure SM3-2. Calculated b-factors for the apo protein on ResQ server using Eg5 model. The 

plot obtained is compatible with the results from MD simulation. 

 

 

Figure SM3-3. Comparison between RMSF and experimental b-factors. The simulations were 

validated by comparing the root mean square fluctuation (RMSF) of Eg5 residues with 

standardized crystallographic temperature factors (B-factors), which are a measure of the 

flexibility of the residues in the protein. These data are available on structural file and computed 

from experimental data. The b-factor contained in the 4A5Y and 5ZO7 pdb files, which 



 66 

correspond to Eg5 in complex with ispinesib and STLC respectively, was compared. It became 

apparent that atoms with higher values of flexibility compose the amino acids with the highest 

fluctuation degree. On the contrary, the atoms with the lower flexibility values found on the 

crystallographic temperature factor compose the amino acids with lowest fluctuation degree. 

These results confirmed the stability of the MD simulations.  
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4.1 General discussion 

The significance of kinesin Eg5 in cell division and, implication in antimitotic cancer therapy 

cannot be overemphasized. It is known that inhibition of Eg5 causes formation of monoastrial 

spindles in dividing cells instead of the normal bipolar spindles required for proper mitosis, 

leading to mitotic catastrophe and/or apoptosis. This informed my choice of the protein as a 

target in the current study. Structurally, kinesin Eg5 functions in its homo-tetrameric complex. 

The motor domain has the nucleotide-binding region and the inhibitor-binding pockets, and 

was used in this research to study both the structural characteristics and the novel inhibitors 

binding experiments. In the screening process, the potential inhibitors that bind the active site 

(ATP-binding pocket) were discarded because their inhibitory effect may not be specific since 

they can also block activities of other ATP-dependent enzymes. Attention was placed on 

chemical compounds that can inhibit kinesin Eg5 via binding to the allosteric pocket near the 

nucleotide-binding site, which is composed of the ⍺2, ⍺3 and loop5. The loop5 in kinesin Eg5 

is elongated than that of the other kinesins, conferring specificity to inhibitors that interact with 

the L5/⍺2/⍺3 binding site. 

As the source of the potential Eg5 inhibitors tested in this study, natural products were preferred 

because they are readily available, well tolerated with reduced side effects, and can serve as 

alternative (herbal) medicine. Natural product is also an interesting and reliable pool of various 

pharmacologically potent ligands with known beneficial health effects. Especially, plant-

derived bioactive compounds including the biflavonoids are attractive as source of novel Eg5 

inhibitors. The search yielded morelloflavone as novel inhibitor to block both the ATPase and 

microtubule-gliding functions of kinesin Eg5. The compound belongs to the biflavonoid class 

of natural compounds, isolated from the Garcinia spp. The capacity of the biflavonoid to bind 

and inhibit Eg5 enzymatic activities appears to depend on the presence of a 3'⟶8" linkage 

between the flavonoid constituents of the biflavonoid. To verify this information, a preliminary 
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and comparative biochemical analysis was done on apigenin and luteolin; the flavonoids 

constituents of morelloflavone. Results from the in vitro experiment confirmed their weak 

inhibitory effect on Eg5 compared to morelloflavone (Figure 4-1). However, luteolin was more 

potent than apigenin against the ATPase activity of Eg5.  

 

Figure 4-1. Preliminary results to compare Eg5 inhibitory effects of morelloflavone and its 

constituent flavonoids (apigenin and luteolin). 

 

In silico model of Eg5-luteolin and Eg5-apigenin complexes revealed that the monoflavonoids 

were completely buried within the L5/⍺2/⍺3 allosteric pocket. Their interaction analysis with 

the enzyme suggests lower binding affinity which is consistent with their weak inhibition. Both 

luteolin and apigenin exhibit similar binding pose in the L5/⍺2/⍺3 pocket due to their 

comparable chemical scaffold (Figure 4-2). Although they lack hydrogen bonds with Eg5 

amino acid residues, they apparently displayed hydrophobic interactions which are essential 

for Eg5 inhibition. The presence of extra hydroxyl group and binding pattern of luteolin might 
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be responsible for its higher inhibitory effect against ATPase function of Eg5 than the apigenin 

(Figure 4-1). In Eg5-morelloflavone model, luteolin favourably bind the hydrophobic core of 

the L5/⍺2/⍺3 pocket while the apigenin unit occupied the solvent-exposed region. This binding 

mode is lacking in Eg5-luteolin and Eg5-apigenin complexes (Figure 4-2a), and possibly 

explains the higher potency of morelloflavone. In the interaction pattern of the 

monoflavonoids, only few Eg5 amino acids residues formed hydrophobic interactions with 

apigenin and luteolin (Figure 4-2). These observations indicate that morelloflavone inhibits 

Eg5 activities owing to its chemical scaffold which determines the binding pose and molecular 

interactions. The numerous hydroxyl moieties in morelloflavone contribute to its bioactivity. 

Also, the planar position of the aromatic rings improves the binding mode of morelloflavone 

on Eg5. Although in silico screening predicted biflavonoids that are linked at the 3'⟶8" 

position with potential to block ATPase and motility functions of Eg5, there is no wet 

experiment data to support the prediction at this stage. Therefore, biflavonoids such as 

amentoflavone and hinokifavone with different linkage types should be tested in vitro to 

ascertain their inhibitory potential on Eg5.  

 

ADPA
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Figure 4-2. (A) In silico binding model of apigenin (yellow, stick) and luteolin (magenta, 

stick), components of morelloflavone, on Eg5 allosteric pocket. Some binding regions, the 

hydrophobic core (rectangle box) and solvent-exposed area (circle box) are vacant compared 

to morelloflavone. Molecular interaction of (B) luteolin and (C) apigenin. The binding mode 

and Eg5 residues that formed hydrogen bond with the flavonoids are different compared to 

biflavonoid morelloflavone. 

 

In the research work presented in this dissertation, morelloflavone proved effective as inhibitor 

of Eg5. The chemical structure of the biflavonoid may contribute to the design and 

development of new Eg5 inhibitors. The moderate potency of the compounds observed in the 

current work may be related to the absence of some functional groups such as the halogens (F, 

Cl, and Br), the amine (NH2), and imine (NH) in the biflavonoids structure. These moieties 

have been implicated in the potency of Eg5 inhibitors in some previous structure activity 

related (SAR) studies. It is believed that morelloflavone will be useful in the control of cancer 

cell proliferation. 

 

B C

Luteolin Apigenin



 72 

4.2 Conclusion 

Novel inhibitor of kinesin Eg5 was successfully screened from natural product and evaluated 

against the biological activities of the mitotic protein. The identified inhibitor, morelloflavone, 

is a biflavonoid comprising two flavonoids linked particularly in the C3'➝C8" position. The 

interactions and inhibitory effect of morelloflavone on the enzyme were investigated by 

adopting in silico and in vitro approaches. The biflavonoid inhibited both the basal and 

microtubule-activated ATPase activities of Eg5. Furthermore, the biflavonoid suppressed the 

microtubule-gliding function of the mitotic protein. The in silico model showing the Eg5-

inhibitor interactions suggests that the novel inhibitor bind at the allosteric pocket of Eg5 and 

establishing hydrophobic and hydrogen interactions with residues forming the ⍺2/⍺3/loop5 

allosteric pocket. These findings support the attribution of fokloric anticancer properties of the 

Garcinia dulcis to its biflavonoid content. Also, kinesin Eg5 is suggested as one of the 

molecular targets of the anticancer activity of biflavonoids. In addition, morelloflavone 

represents alternative (herbal) medicine suitable for cancer treatment especially among people 

living in the rural areas of the world. In this wise, more biflavonoids should be tested against 

Eg5 to unravel their inhibitory potential, and to ascertain if the inhibitory property is related to 

the type of linkage between the monoflavonoids. The biflavonoid scaffolds may contribute to 

the design and development of more potent Eg5 inhibitors. Finally, the screening protocol 

developed and used in this work will be handy in further discovery of many more novel Eg5 

allosteric inhibitors. The X-ray crystallographic determination of Eg5-morelloflavone complex 

may elucidate more on their precise molecular structures after interaction. Validating the 

detailed anticancer potency of the novel inhibitor (morelloflavone) may require in vivo 

experiments using animal model and tumor cell lines.  
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