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Human Kinesin-5 (KIF-11/Eg5), a major anticancer drug target, is a plus end-directed motor protein that is involved in 
spindle dynamics and principally involved in mitosis. In the  present study, a computer-aided rational drug discovery 
approach has been applied to search for potential allosteric inhibitors against Eg5. Accordingly, virtual screening of naturally 
occurring secondary metabolites and their commercially available synthetic derivatives indicates 2-(9b- methyl-
2,3,3a,4,5,9b-hexahydrofuro [3,2 c] quinolin-4-yl) phenol (MHQP), a hexahydrofuro [3,2-c] quinolone derivative as a 
potential therapeutic lead molecule against Eg5. The present study provides a structural glimpse of MHQP binding at the 
monastrol binding site of Eg5 with a vivid description of its plausible mode of Eg5 inhibition. Moreover, the in silico data 
also supports the superiority of MHQP over the well-characterized Eg5 inhibitor Arry-520 in terms of augmented binding 
affinity as well as to cope with Arry-520 resistant mutants of Eg5. Structure-guided mechanistic details of MHQP-induced 
inhibition of Eg5 and its predicted pharmacodynamics properties have been presented herein. 
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Kinesins belong to the class of motor proteins, and by 
using mechanochemical energy, they move along the 
microtubule. It is the widely explored protein family 
because of its various roles in different cellular 
functions like cellular division, meiosis, neuronal 
development, and transference of cellular cargo. 
Kinesins are crucial in the process of chromosome 
segregation and assist in the establishment of the 
bipolar spindle assembly. It also has several other 
roles in signal transduction1-3. Kinesin-5, sometimes 
referred to as Eg5, is a motor protein  
that assists in microtubule crosslinking as well as 
sliding4. Kinesin motor domains are the well-
conserved regions among the various kinesins, and it 
incorporates two binding sites on each head; one 
binds the microtubule while the other incorporates 
nucleotides (ATP/ADP). The mitotic kinesin Eg5 
synergy with the spindle during the mitosis helps in 
the stabilization of the bipolar spindle, and due to this 
feature, kinesin Eg5 is one of the explored drug 
targets for cancer5,6. The inhibition of Kinesin Eg5 
does not interfere with the cytoskeletal process 
because its inhibition obstructs the cell division 

process and thus affects cell proliferation7-9. This 
intriguing feature validates Eg5 as an effective target 
for cancer cells. Kinesin inhibition can ruin the 
process of formation of bipolar spindle and eventually 
forms monopolar spindle10,11. Numerous drugs that 
can stop cancer cells from growing have been 
developed and tested in clinical settings, but the 
findings call for further study to be done in this area 
in order to develop an effective drug candidate that 
not only interacts with the target but also blocks the 
target’s enzyme. Some inhibitors are reported to bind 
at the different sites of Eg5 kinesins, like on 
ATP-binding active sites (ex-thiazoles), but these 
inhibitors are less sought because they can interact 
with other ATP-binding proteins12. There are studies 
where off targeting has also been seen and for the 
solution of this problem many strategies has been 
developed like in one study mesoporous silica 
nanoparticles loaded with drug has been used to target 
the tumor cells specifically13. The inhibitors which 
can bind on the allosteric pocket of Eg5 are more 
desirable in terms of their high degree of target 
specificity14-16. The Eg5 has multiple prior reported 
allosteric binding sites like S1, S2, etc. (Suppl. Fig. 1), 
but their precise structural location is not very clear. The 
medication monastrol causes the production of 
monopolar spindles, and its binding site is an 
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allosteric site that has been described in great detail. 
The monastrol drug binding site is formed by 
hydrophobic loop5/ α2 helix /α3 helix pocket14-16. 
This site offers a peculiar feature i.e., lower toxicity 
and selectivity due to the presence of elongated 
loop517. This site has some special features like the 
closed loop5 and tilted alpha helix418. The binding of 
the drug in this site creates a transition in loop5 from 
“open” to “closed” confirmation. Because of this 
closed confirmation, the confirmational alteration of 
Eg5, which is required for the release of ADP, is 
inhibited even more19. To date, few other drugs are 
also reported to bind on monastrol drug binding sites 
like terpendol E, ispinesib, filanesib (Arry-520), and 
S-trityl-L cysteine (STLC)20,21. The computer-aided 
structural biological approach enables us to depict the 
possible mechanism of inhibition of these Eg5 
inhibitors, their precise mode of interaction with the 
target protein as well as the drug-induced changes in 
the structural plasticity of the target protein. The 
process of drug binding entails complex structural 
transitions, which may not be easy to comprehend 
experimentally22. In this context, the molecular 
docking and molecular dynamics simulation study can 
be an efficient way to predict the atomic level spatial 
and temporal conformational perturbations upon the 
interaction between the receptor and ligand. In the 
kinesins-5 class, the loop5 region has an important 
role in ADP release as well as it communicates the 
structural changes in the neck linker and microtubule-
binding region also23. Other important regions in the 
kinesin motor domains include the Switch I and 
Switch II regions, both of which are involved in the 
induction of nucleotide-driven conformational 
alterations24. Switch II region is also pivotal to 
forwarding the signal, which resulted from the 
structural change of the nucleotide-binding region to 
the relay helix, which is further located in the 
microtubule-binding site and then to the neck linker. 
In this way, the switch II region provides forward 
motility to Kinesins via nucleotide exchange-induced 
mechanical motion25,26. With all these postulates, it can 
be proposed that the small molecule inhibitors binding at 
the allosteric site surrounded by Loop5/ α2 helix /α3 
helix can lead to the spindle collapse and eventually to 
mitotic arrest and ultimately arrest the growth of 
cancer cells. However, drug-resistant mutant 
variations of Eg5 kinesin are also reported. These 
mutants weaken and/or prevents the binding of the 
allosteric modulators to their respective binding sites. 

In this regard, resistance-resistant therapeutic leads 
are being sought globally, which can circumvent the 
oddities exerted by the drug-resistant Eg5 kinesin 
mutants. The present study focuses on screening some 
potent therapeutic leads of Kinesin Eg5, which can 
work as an allosteric inhibitor and can also be 
effective against drug-resistant Eg5 Kinesin variants. 
For this purpose, we performed in silico high 
throughput virtual screening of ligands with the 
library of bioactive plant secondary metabolites 
(commercially available as well as obtained from 
Indian medicinal plants). As we know that there are 
different plant secondary metabolites have been 
reported to be effective in treatment of different 
ailments27,28 so we targeted the phytochemicals 
primarily. Several plant secondary metabolites have 
been reported to have the anti-cancer properties29-31 to 
date but the mechanism of action is not precisely 
known. Phenols having three membered characteristic 
rings having in it is also known to have anti-cancer 
potential. Some of the polyphenols are reported for 
their anti-cancer effect are quercetin, curcumin, 
resveratrol with different mode of actions32,33. Further 
validation of the binding interactions and all atomistic 
molecular dynamic simulation studies presented 
herein divulges the plausible therapeutic action of the 
screened secondary metabolites against Eg5 kinesin 
and its drug-resistant mutated counterparts. 
 

Materials and Methods 
 

Virtual screening 
The three-dimensional structure of Kinesin Eg5 

(PDB Id:2PG2)34 has been downloaded from the 
RCSB PDB database, and the full-length structure 
was modelled and energy minimized by Modeller35 
and Phenix suite36, respectively. Against the selected 
drug target, we performed the virtual screening by 
following target-based rational drug designing 
approach. With an aim to find plausible anti-Eg5 
bioactive secondary metabolites and their commercially 
available synthetic derivatives, we have set out the 
virtual screening with a total of 3200 small molecules 
[either obtained from Sigma Aldrich (www. 
sigmaaldrich.com) or retrieved from IMMPAT 
database37]. The multiple ligands docking strategy has 
been followed to do the receptor-guided virtual 
screening with PyRx software38. The top-scoring 
ligands obtained through the initial virtual screening 
were further verified through one-to-one molecular 
docking analysis using the blind docking protocol 
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(grid box size: X=68, Y=68, Z=68). From the top 11 
compounds, the best small molecule [2-(9b-methyl-
2,3,3a,4,5,9b-hexahydrofuro [3,2 c] quinolin-4-yl) 
phenol (abbreviated as MHQP)] ligand was selected 
on the basis of the best free energy binding score 
(ΔG). With this compound, further studies, including 
deep learning-based affinity predictions as well as all 
atomistic molecular dynamic simulation analysis, 
were carried out to predict the stability of the ligand-
receptor (Eg5) complex under physiologically 
simulated conditions. Moreover, in order to check the 
effectivity of the screened ligand against the drug-
resistant mutants of Eg5 Kinesin (D130A and 
L214A). The mutants have been modelled and 
subsequently docked with the identified ligand 
molecule using the same parameters which were used 
for the wild type Eg5 kinesin docking. The interaction 
profile of the best-selected ligand with its cognate 
protein target (Eg5 Kinesin) was analysed by  
using PyMOL (https://pymol.org/2/) and LigPlot 
(www.ebi.ac.uk/thornton-srv/software/LigPlus/) 
 
ADMET & drug likeliness properties 

The ADMET properties of the screened ligand 
molecule were checked with pkCSM39 and Swiss 
ADME40. pkCSM checks the ADMET properties of 
small molecules. Checking the ADMET property is 
indispensable to consider a small molecule ligand as a 
plausible future therapeutic lead. Essentially, the 
ADMET properties of a molecule predict its drug 
likeliness through the analysis of its pharmacokinetics 
properties. 
 
Molecular dynamics (MD) simulation analysis 

The all-atomistic MD simulation analysis of the 
Eg5 Kinesin in its nucleotide (ADP) bound state was 
carried out in the presence and absence of the best-
screened ligand (MHQP). The all atomistic simulation 
calculations were carried out for a 30ns time frame. 
For the MD simulation, NAMD 2.1441 has been used, 
which uses the Chramm++ parallel programming. 
VMD (Visual Molecular Dynamics)42 software was 
used for setup and trajectory analysis. Force field 
generation was done with Charmm Gui online Ligand 
Reader and Modeller tool43. The simulation was 
performed with an isothermal-isobaric ensemble 
(NPT) environment, which uses the Langevin 
dynamics. Solvation cubic box of 10 A° has been 
provided. The dcd frequency, xst frequency, and 
restart frequency were set to 5000, but the output 
energy was 500. System minimization was done for 

1000 steps. The RMSF (Root Mean Square 
Fluctuation) plot was drawn with Origin software 
(http://www.originlab.com/), and structure analysis 
was done with PyMol. 
 

Results and Discussion 
The virtual screening of bioactive secondary 

metabolites and their commercially available 
synthetic derivatives against the antineoplastic drug 
target Kinesin Eg5 has yielded 11 lead compounds 
that show excellent Eg5 binding affinity in terms of 
free energy of binding (ΔG)  (more than -8.0 kcal/mol). 
(Suppl. Table 1). These compounds were mainly 
having an affinity for allosteric drug binding sites of 
kinesin Eg5, like the classical monastrol binding site, 
as well as the newly reported sites S1 and S2. Among 
the selected compounds, 2-(9b- methyl-2,3,3a,4,5, 
9b-hexahydrofuro [3,2 c] quinolin-4-yl) phenol (a 
hexahydrofuro[3,2- c]quinoline derivative abbreviated 
as MHQP)] was found to have the best ΔG of -10.6 
kcal/mol and occupies the well-characterized allosteric 
binding site of kinesin Eg5 i.e., the monastrol drug 
binding site. The binding site is located at the 
intersection of the α3 helix, α2 helix, and Loop 5 of 
the kinesin Eg5 motor domain. (Fig. 1A). The ligand 
MHQP is binding in the allosteric site, which provides 
it more target specificity and, as a result of that, may 
exert lesser side effects compared to the nucleotide-
binding site targeting Eg5 inhibitors. Intriguingly, in a 
prior study, similar hexahydrofuro[3,2-c] quinolone 
derivatives have been found to inhibit the growth of 
MDAMB-231 breast cancer cells in vitro44, although 
the molecular mode of therapeutic action of those 
derivatives remained obscured till date. Few other 
annotated structures of the MHQP are also reported 
for their anti-mitotic, anti-inflammatory properties via 
in vitro studies45. The mode of binding of MHQP 
resembles the submitted crystal structure of allosteric 
inhibitor Arry-520 (trade name: Filanesib, PDB Id: 
6HKY), which is at its late stage of clinical trials for 
multiple myeloma. When we compared the binding 
energies of Arry-520 with MHQP using the same 
parameters and docking platform, we found that the 
binding affinity of MHQP was much better than the 
Arry-520 (ΔG of Arry-520 binding: -8.7 kcal/mol) 
with kinesin Eg5 and the docked ligand is also 
superimposing well with the bound Arry-520  
(Suppl. Fig. 2A). It indicates that the proposed ligand is 
binding more efficiently at the same allosteric site 
compared to Arry-520. The 2D interaction plot of 
Arry-520 and MHQP with kinesin Eg5 shows that the 
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amino acids which are having hydrophobic interaction 
with kinesin are common in both of the ligand’s 
binding sites. (Except E200 & F224 in Arry-520) 
(Suppl. Fig. 2B & C). The deep learning-based  
Eg5 affinity prediction (pKD value) of MHQP was 
found to be 5.7. Drug likeliness of ligand MHQP has 
been checked with ADMET lab 2.0 and found  that  the  
ligand has been accepted according to the Lipinski 
rule of five (MW 500; logP £ 5; Hacc £ 10; Hdon £ 
5), having no Lipinski violations. Intriguingly, in 
advanced-stage clinical trials of Arry-520, it has been 
observed that the drug is getting non-effective due to 
the emergence of two drug-resistant mutations in the 
monastrol-binding allosteric site (D130A and 
L214A). So, to check the effectiveness of MHQP 
against the drug-resistant Eg5 variants, further 
docking studies have been performed with these two 
mutated drug targets, Eg5_D130A and Eg5_L214A. 
The docking studies indicate that MHQP is showing 
significant binding affinities with both of these two 
mutants (with Eg5_D130A ΔG: -10.4 Kcal/mol and for 
Eg5_L214A ΔG: -9.8 kcal/mol) also. It stipulates that 
the MHQP may also be an effective inhibitor for the 
mutated Eg5 variants. In Eg5, the monastrol binding 
allosteric pocket has been formed by Loop5/α2/α3, 
and we found that the MHQP binding influences the 
opening and closure of the allosteric pocket, which is 
principally regulated by loop5. To investigate this 
mechanism, we measured the distance between two 
residues located on α3 helix (E200) and Loop5 
(W112). One of the residues in loop5 that is crucial to 
the protein's activity is W112, which has been linked 
to the opening and closure of the Eg5 allosteric 

pocket. Interestingly, all atomistic MD simulations of 
Eg5/ADP complex in the presence and absence of the 
bound ligand, MHQP reflects a differential structural 
dynamic of the monastrol binding allosteric pocket. 
After the 30 ns simulation of the Eg5/ADP complex 
in the absence of MHQP, the distance between E200 
and W112 was 8.2Å which represents the open 
conformation of this pocket; however, in the MHQP 
bound state of the Eg5/ADP complex; this distance 
got reduced to 7.3Å (Fig. 2A). Importantly, Loop 5 
W112 residue, which maintained the so-called "closed 
conformation" of the monastrol allosteric pocket of 
Eg5, was forced into a downward position when  
the MHQP was bound to the Eg5/ADP complex  
(Fig. 2B). The RMSF (Root Mean Square 
Fluctuation) plot obtained from the MD simulation 
also shows that in the MHQP bound state, the amino 
acid region 100 to 115 (Loop-5) gets stabilized, which 
corroborates with lower fluctuation in RMSF value 
compared to the MHQP unbound state of the protein 
(Fig. 2C). It seems that the binding of MHQP causes 
the Eg5-L5/α2/α3 helix pocket to convert from an open 
conformation to a closed conformation. Importantly 
the flexibility of the loop5 region of Eg5 kinesin has 
been proposed to modulate the nucleotide exchange as 
well as the microtubule-binding properties39; hence the 
differential structural dynamics of the same loop in 
the context of MHQP binding may confer significant 
changes in the aforementioned properties of Eg5 
kinesin. Again, the previous studies have shown  
that compared to the ATP-bound form of Eg5 Kinesin, 
the ADP-bound form is more structurally dynamic. 
To be more specific, the pliability of the Switch-I 

 
 
Fig. 1 — Molecular docking of MHQP with Kinesin Eg5 motor domain. (A) Binding site of MHQP at the allosteric pocket of Eg5; (B)
Three-dimensional interaction of MHQP with amino acid residues of monastrol binding pocket of Eg5; and (C) Two-dimensional 
interaction plot of Docked MHQP with Eg5 showing the hydrophobic interactions (represented by spiked red arcs) forming amino acids
with the bound MHQP 
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region of Eg5 kinesin (amino acids: 217-240) is  
what allows for the release of ADP, which is then 
followed by the binding of incoming ATP (Fig. 3). 
With RMSF plot obtained from the MD simulation 
study of Eg5/ADP and Eg5/ADP/MHQP complexes, 
we observed that the Switch-I region got stabilized  
in the presence of MHQP (Fig. 3C). It specifies that  
the MHQP bound state halts the ADP bound 
conformation of the Eg5 motor domain by blocking 
the structural transition of the α3 helix (due to the 
steric clash of the bound ligand with the α3 helix in its 
ATP bound state), which is required to release the 
bound ADP molecule (Fig. 3B) to allow the 
subsequent binding of the next incoming ATP. 
Altogether, the in silico data presented herein 

unambiguously suggest MHQP binding to the 
monastrol site at the motor domain of Kinesin Eg5 
may lead to the inhibition of this protein’s movement 
by uncoupling the nucleotide exchange mediated 
structural dynamics, which ultimately leads to the 
binding and unbinding of the motor domain to the 
microtubule surface. The cease of Eg5 kinesin 
movement may further culminate into monospindle 
formation and, ultimately, apoptosis of the targeted 
cancer cells. 
 
Conclusion 

Herein, the in silico based rational drug discovery 
against the antineoplastic drug target Kinesin Eg5  
using a library of bioactive secondary metabolites  

 
 
Fig. 2 — The subtle structural changes observed in MHQP free (blue-coloured structure) versus MHQP docked Eg5 (Green coloured
structure). (A) The change in the distance between E200 (α3 helix) and W112 (Loop 5 abbreviated as L5) in MHQP docked state and in the
absence of MHQP E200 (α3 helix) and W112 (Loop 5 abbreviated as L5); (B) The movement of Loop 5 in the presence of MHQP (red
colour) and in the absence of MHQP (blue colour); and (C) The comparison in RMSF change in MHQP/ADP bound state (Red line) of
Eg5 and in only ADP bound state of Eg5 (Black line) 
 

 
 
Fig. 3 — Structural change in alpha helix 3 of Kinesin Eg5 motor domain in the presence (green colour) and absence (blue colour) of MHQP 
(pink sticks). (A) The docked MHQP in the presence of ADP with Kinesin Eg5; (B) Zoomed panel showing the steric clash between MHQP 
bound and unbound states and thus the hindrance in the structural transition of ADP to ATP bound conformations of Eg5; and (C) The RMSF 
plot also supports the stabilization of the switch I region (230-240 amino acids) of Kinesin Eg5 in the presence of MHQP 
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and their commercially available synthetic derivatives 
led us to find a promising ligand MHQP (a derivative 
of hexahydrofuro[3,2-c] quinolone scaffold). The 
identified small molecule ligand is predicted to bind 
the classical monastrol binding site of Kinesin Eg5 
with high affinity and thereby may plausibly uncouple 
the nucleotide mediated structural dynamics of the 
motor domain to further cease the molecular catwalk 
of this ‘drunken sailor’ (Eg5 Kinesin) on the ramp of 
microtubules. However, the high-resolution crystal 
structure(s) of Eg5/ADP/MHQP are needed to clarify 
these preliminary results to atomic details. 
Nonetheless, the present research may open up a new 
horizon of antineoplastic therapeutic research where 
naturally obtained hexahydrofuro[3,2-c] derivatives 
may serve as the plausible therapeutic leads against 
drug-resistant cancers.  
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