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RAPID COMMUNICATION                                                                                                      

Biochemical and in silico analysis of the binding mode of erastin with tubulin

Gudapureddy Radhaa, Pratyush Pragyandiptab, Pradeep Kumar Naikb and Manu Lopusa 

aSchool of Biological Sciences, UM-DAE Centre for Excellence in Basic Sciences, University of Mumbai, Mumbai, India; bDepartment of 
Biotechnology and Bioinformatics, Center of Excellence in Natural Products and Therapeutics, Sambalpur University, Sambalpur, India 

Communicated by Ramaswamy H. Sarma

ABSTRACT 
Erastin (ERN) is a small molecule that induces different forms of cell death. For example, it has been 
reported to induce ferroptosis by disrupting tubulin subunits that maintain the voltage-dependent 
anion channels (VDACs) of mitochondria. Although its possible binding to tubulin has been suggested, 
the fine details of the interaction between ERN and tubulin are poorly understood. Using a combin
ation of biochemical, cell-model and in silico approaches, we elucidate the interactions of ERN with 
tubulin and their biological manifestations. After confirming ERN’s antiproliferative efficacy (IC50, 
20 ± 3.2 M) and induction of cell death in the breast cancer cell line MDA-MB-231, the binding interac
tions of ERN with tubulin were examined. ERN bound to tubulin in a concentration-dependent 
manner, disorganizing the structural integrity of the protein, as substantiated via the tryptophan- 
quenching assay and the aniline-naphthalene sulfonate binding assay, respectively. In silico studies 
based on molecular docking revealed a docking score of −5.863 kcal/mol, suggesting strong binding 
interactions of ERN with tubulin. Additionally, molecular dynamics simulation and Molecular Mechanics 
Poisson–Boltzmann Surface Area (MM-PBSA) analyses evinced the binding free energy (DGbinding) of 
−31.235 kcal/mol, substantiating strong binding affinity of ERN with tubulin. Ligplot analysis showed 
hydrogen bonding with specific amino acids (Asn A226, Thr A223, Gln B247 and Val B355). QikProp- 
based ADME (absorption, distribution, metabolism and excretion) assessment showed considerable 
therapeutic potential for ERN. 

Abbreviations: PDB: Protein Data Bank; OPLS: Optimized Parameters for Liquid Simulations; PRCG: 
Polak-Rebiere Conjugate Gradient; Glide XPScore: Glide Score; Emodel: Model energy score; GROMACS: 
GROningen MAchine for Chemical Simulations; MD Simulation: Molecular Dynamics Simulation; GTP: 
Guanosine triphosphate; GDP: Guanosine diphosphate; GAFF: General Amber Force Field; ACPYPE: 
AnteChamber PYthon Parser interface; NPT: The constant-temperature, constant-pressure ensemble; 
NVT: The constant-temperature, constant-volume ensemble; PME algorithm: Particle-mesh Ewald algo
rithm; RMSD: Root mean square deviation; RMSF: Root mean square fluctuation; Rg: Radius of gyration; 
DGbind,pred: Predicted binding free energy; MM-PBSA: Molecular Mechanics Poisson–Boltzmann Surface 
Area
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1. Introduction

Tubulin is a cytoskeletal protein with several critical cellular func
tions, including the orchestration of cell division, imparting struc
tural stability to the cells and providing tracks for intracellular 
cargo movements (Schappi et al., 2014; Horio & Murata 2014). By 
guarding the mitochondrial channels, it regulates mitochondrial 
functions (Rostovtseva et al., 2008). Specifically, the voltage- 
dependent anion channels (VDACs) of mitochondria are guarded 
by tubulin, and tubulin-perturbing agents can disrupt crucial 
mitochondrial functions and promote different forms of cell 
death, including ferroptosis. With their ability to undergo select
ive stabilization, microtubules regulates the necessary and suffi
cient dynamicity and consequential functions of this cytoskeletal 
filament. Loss of optimum dynamicity can be harmful to the 
existence of cells.

Erastin (2-[1-[4-[2-(4-Chlorophenoxy)acetyl]-1-piperaziny
l]ethyl]-3-(2-ethoxyphenyl)-4(3H)-Quinazolinone) is known to 
promote different forms of cell death. Once such cell death 
is ferroptosiswith features that differ from the classic pro
grammed cell death, apoptosis (Dixon & Stockwell, 2019). 
Unlike apoptosis, for example, ferroptosis does not manifest 
membrane blebbing or caspase activation. It nevertheless 
exhibits mitochondrial damage, including loss of cristae, and 
lipid peroxidation (Li et al., 2018) (Dixon et al., 2012; Nirmala 
& Lopus, 2020). ERN is thought to facilitate this form of iron- 
dependent cell death by disrupting tubulin at the VDAC2 
and VDAC3 of mitochondria (Yagoda et al., 2007; Maldonado 
et al., 2013;Dixon & Stockwell, 2014). However, how ERN 
interacts with tubulin is poorly understood. Here, using bio
physical and cellular assays coupled with molecular docking 
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and MD simulations, we report a tubulin-targeted mechan
ism of action of ERN.

2. Material and methods

2.1. Materials

Erastin (ERN), piperazine-N,N0-bis(2-ethanesulfonic acid) 
(Pipes), ethylene glycol tetraacetic acid (EGTA), magnesium 
sulfate (MgSO4), guanosine-50-triphosphate (GTP), 8-anilino-1- 
naphthalenesulfonic acid (ANS) and dimethyl sulfoxide 
(DMSO) were purchased from Sigma (St. Louis, MO). Bovine 
serum albumin (BSA), glutamate and Bradford reagent were 
from Himedia (Mumbai, India). All reagents used in the study 
were of analytical grade.

2.2. Cell culture, cell viability analyses and Western blot

MDA-MB-231 cells (a triple-negative breast cancer cell line; 
ATCC, Manassas, VA) were grown in Dulbecco’s Modified 
Eagle’s Medium (DMEM; Himedia, Mumbai, India). The media 
was supplemented with 10% fetal bovine serum and 1% 
penicillin-streptomycin (both from Himedia) in conducive cul
ture conditions (humidified, 37 �C chamber containing 5% 
CO2; Radha et al., 2022) provided by a Forma stericyle incu
bator (Thermo Fisher Scientific, Waltham, MA). For the cell 
viability assay, MDA-MB-231 cells were seeded at a density of 
50,000/mL in a surface-treated 12-well plate and grew over
night. The cells were then exposed to different concentra
tions of ERN (0–40 lM) for 24–48 h. DMSO was used as the 
vehicle control. The IC50 concentration was then determined 
using a trypan blue dye-exclusion assay (Radha et al., 2022). 
For Western blot, cells were treated with ERN (20 lM) for dif
ferent time periods (24 h and 48 h), harvested and lysed 
using a radioimmunoprecipitation assay buffer (RIPA buffer) 
with the following composition: 50 mM tris– HCl (pH 7.4), 
150 mM NaCl, 0.1% (w/v) SDS, 0.5% (w/v) sodium deoxycho
late and 1.0% (v/v) nonidet P-40. The samples were proc
essed for electrophoresis and transferred onto a 
polyvinylidene fluoride membrane. We used 5% skimmed 
milk to block the membrane. The membrane was then incu
bated with the respective primary antibodies (GPX4 or 
GAPDH; 1:1000 dilution, Cell Signaling Technologies, Danvers, 
MA) at 4 �C overnight. Blots were then treated with horserad
ish peroxidase (HRP)-conjugated secondary antibodies for 4 h 
at 4 �C (1:1000, Cell Signaling Technologies). They were 
developed using chemiluminescent substrate (SuperSignal 
West Pico PLUS, MA, USA) obtained from Thermo Fisher 
Scientific, Waltham, MA, and scanned using ChemiDoc Touch 
(Bio-Rad, Hercules, CA).

2.3. Transmission electron microscopy (TEM)

The cells, after a 48-h treatment with the IC50 of ERN (20 lM) 
, were collected and fixed with 3% glutaraldehyde for 2 h at 
4 �C. They were then washed with sodium cacodylate buffer 
(0.1 M) and dehydrated with different grades of alcohol. 
Araldite ‘A’ and Araldite ‘B’ treatments followed. An 

ultramicrotome (Leica UC7, Wetzlar, Germany) was used to 
cut ultrathin sections (70 nm). These thin sections were 
placed on copper grids (300 mesh), stained with lead citrate 
for 3 min, and visualized using a JEM 1400 Plus transmission 
electron microscope at 120 kV (JEOL, Tokyo, Japan).

2.4. Tubulin purification

Microtubule-associated proteins-free tubulin (MAP-free tubu
lin) was isolated from fresh goat brain with alternating cycles 
of temperature- and GTP-dependent assembly and dissas
sembly. PEM buffer (50 mM Pipes, 3 mM MgSO4, 1 mM EGTA 
and pH 6.8) was used for the isolation. The purified tubulin 
was aliquoted as 50 mL or 100 mL samples and stored at 
−80 �C until used (Guha et al., 1998).

2.5. Tryptophan-quenching assay

Different concentrations of ERN (0–125 mM) were incubated 
with tubulin (2 lM) in PEM buffer (45 min, 35 �C). A Tecan 
M200 Pro multimode reader (Tecan, M€annedorf, Switzerland) 
was used for recording the spectra (excitation wavelength: 
295 nm; emission wavelength range: 320–400 nm).

2.6. Anilino-naphthalene sulfonate (ANS)-binding assay

To study the effect of ERN on the tertiary structure of tubu
lin, an ANS binding assay was performed (Cheriyamundath 
et al., 2019). Breifly, purified tubulin (2 lM) was incubated 
with ERN (0–75 lM) for 30 min (35 �C; PEM buffer). After the 
incubation, the samples were treated with 50 lM ANS at 
25 �C for 20 min in the dark. The samples were excited at 
380 nm, and the emission spectra were measured (emission 
wavelength range, 420 nm–560 nm).

2.7. Computational modeling, molecular dynamics 
simulation and predicted ADME properties of ERN

From the protein data bank, the crystal structure (PDB ID: 
6Y6D) of tubulin (2.20 Å resolution) was accessed. Using a 
multistep protein preparation program (Schr€odinger, 2023), 
missing hydrogens were then added. Prime (Schr€odinger, 
2023) prediction tool allowed for the identification and repair 
of all missing side chain atoms. Finally, the protein structure 
was energy minimized using the micromodel (Schr€odinger, 
2023) with an energy gradient of 0.01 Kcal/mol. ChemDraw 
(ChemDraw_ V-22.0.0.22, 2022), was used to draw the 
molecular structure of ERN, followed by energy minimization 
using a macromodel (Schr€odinger, 2023) using an Optimized 
Parameters for Liquid Simulations (OPLS 2005) as force field 
with an energy gradient of 0.001 kcal/mol. The Polak-Rebiere 
Conjugate Gradient (PRCG) algorithm was used for the 
energy minimization of the protein and the ligand. Further, 
the energy-minimized structure of ERN was geometrically 
optimized using Jaguar (Schr€odinger, 2023), as reported ear
lier (Pragyandipta et al., 2023). Ligprep (Schr€odinger, 2023) 
was used to develop multiple confirmations of ERN. Since 
the co-crystal structure of tubulin-bound ERN was not 
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available, we applied a blind docking approach to elucidate 
the putative binding site of ERN on tubulin and calculated 
its binding affinity. In this context, we have predicted several 
binding regions using SiteMap (Schr€odinger, 2023). The bind
ing sites with site scores �0.80 Å and a high degree of confi
dence and druggability were chosen, and the rest were 
considered insignificant and false-positive binding sites 
(Halgren, 2007, 2009). The grid boxes for different binding 
regions were created by the Glide grid receptor generation 
tool (Schr€odinger, 2023). In general, two grid boxes were 
generated. An outer grid box of size 20 Å � 20 Å � 20 Å was 
generated to accommodate all the ligand atoms of a valid 
pose, and an inner grid box of size 12 Å � 12 Å � 12 Å was 
generated at the midpoint of the binding site. Glide XP 
(extra precision) (Schr€odinger, 2023) was employed for dock
ing. Of the 10,000 poses generated the Glide XP docking 
alogorithm, 1000 were used for energy minimization (1000- 
step conjugate gradients; dielectric constant, 4.0). The lowest 
energy conformations thus generated were evaluated for the 
docking scores. The scale factor of 0.4 for van der Waals 
raddi was applied to atoms of protein with absolute partial 
charges less than or equal to 0.25. Afterwards, 100 poses per 
ligand were generated. The best docked structure was then 
chosen based on the Glide Score (Glide XPScore) function 
(Friesner et al., 2004; Halgren et al., 2004; Su et al., 2019). 
Glide XPscore is a more advanced variant of ChemScore 
(Eldridge et al., 1997) with components focused on force 
fields and additional terminology that account for solvation 
and repulsive interactions. Model energy score (Emodel) was 
used to combine the energy grid score, Glide score and the 
ligands internal starin, to select the best pose.

The docked pose with the lowest docking score was further 
used for MD simulation of 100 ns by GROMACS 2019.2 
(Groningen, The Netherlands) (Abraham et al., 2015) in the pres
ence of GDP, GTP and magnesium, as per the methodology 
mentioned earlier (Pragyandipta et al., 2023). To acquire the top
ology and coordinates the protein was processed in GROMACS 
2019.2 version using Amber99SB force field (Hornak et al., 2006). 
For the ligands (GTP, GDP and ERN) the parameters were deter
mined by using General Amber force field (GAFF) (Wang et al., 
2004) in the antechamber program of Amber 18 and the atomic 
point charges were properly assigned by AM1-BCC charge model 
(Jakalian et al., 2002). For building the small molecule topology 
and internal coordinates the tleap tool of Amber 18 and ACPYPE 
was used (Sousa da Silva & Vranken, 2012). In a truncated octa
hedron box with a distance of 12 Å between the walls of the 
box and atoms of the protein and TIP3P as a water model the 
complex solvation was done (Kumar Pedapati et al., 2023). 
Counterions having a physiological ionic strength of 0.15 M were 
used to balance the system. Further to remove any conflicting 
contacts a steepest descent approach of 10,000 steps was con
sidered for energy minimization. For both protein and ligand, a 
position restriction of 10 kcal/Å2 was applied. At first a 500 ps of 
NVT equilibration was run at 300 K followed by NPT equilibira
tion of 500 ps, keeping the Parrinello–Rahman barostat at a refer
ence pressure of 1 bar. Post equilibration a 100 ns of simulation 
with 2fs time step was done. The particle-mesh Ewald (PME) 
algorithm was used to study the long-range electrostatic 

interactions. Short-range electrostatic and van der Waals cutoffs 
were kept at 10 Å. The Shake algorithm limited the bonds 
(Ryckaert et al., 1977), while the modified Berendsen thermostat 
regulated the system temperature. The sequential snapshots of 
the atomic coordinates were captured every 20 ps. The root 
mean square deviation (RMSD), root mean square fluctuation 
(RMSF) and radius of gyration (Rg) were plotted. The RMSD cal
culation was computed as a function of time in respect to refer
ence structure using the following formula:

RMSDðtÞ ¼
1
M

XN

i¼1

mi riðtÞ − rref
i

�
�

�
�2

" #

Here M¼Ri mi and ri(t) is the position of atom i at time t 
after least square fitting the structure to the reference struc
ture (ri

ref) while ri is the set of co-ordinates of the same atom 
but belongs to the structure that is being compared with 
the reference.

The RMSF calculation was done based on the formula:

RMSFi ¼
1
T

XT

tj¼1

ri tjð Þ − rref
i

�
�

�
�2

2

4

3

5

Here, T is the time over which one wants to average and 
ri

ref is the reference position of particle i. Where this refer
ence position was time-averaged postioned of the same par
ticle i, i.e., ri

ref 5 ri.
The predicted binding free energy (DGbind, pred) of ERN 

with tubulin was determined using the Molecular Mechanics 
Poisson–Boltzmann Surface Area (MM-PBSA) (Kollman et al., 
2000). Of 500 snapshots were extracted from the trajectory 
of the MD simulation for the last 10 ns with a time interval 
of 20 ps, and using the g_mmpbsa tool (Kumari et al., 2014), 
the DGbind, pred was calculated.

Further, the Qikprop (Schr€odinger, 2023) module was 
used to determine the ADME properties for ERN. Out of the 
total 44 parameters, properties with zero values were 
excluded. The suitability of the drug as a vital drug is eval
uated in this module based on Lipinski’s rule of five. When 
the molecule ignores this rule, it is supposed to exhibit 
decreased absorption or less permeability (Pragyandipta 
et al., 2023).

3. Results

3.1. Inhibition of cell viability and induction of 
ferroptosis by ERN

The antiproliferative effect of ERN (Figures 1(A,B)) on MDA- 
MB-231 breast cancer cells was measured by counting the 
number of cells in treated and untreated samples (trypan- 
blue dye exclusion assay). ERN inhibited cell viability in a 
dose-dependent fashion. For example, 10 lM, 20 lM and 
30 lM ERN inhibited the cell viability by 20%, 50% and 60%, 
respectively, yielding an IC50 (half-maximal inhibitory concen
tration) value of 20 ± 3.2 lM after 24 h of incubation. The IC50 

was slightly higher (22 ± 2.2 lM) after 48 h of drug exposure 
(Figure 1(B)). Next, the type of cell death induced by ERN 
was investigated. ERN reduced the expression of GPX4 in a 
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time-dependent manner (Figure 1(C)). For example, 20 mM 
ERN reduced the expression of GPX4 by 75% at 48 h of treat
ment, substantiating the induction of ferroptosis. The ultra
structure of ERN-treated cells, when visualized using TEM, 
further indicated ferroptosis (Figure 1(D)). Specifically, com
pared to the control cells, swollen mitochondria with consid
erable loss of cristae and rupturing of the outer 
mitochondrial membrane- some of the reported features 
associated with ferroptosis – were observed (Figure 1(D)).

3.2. Interactions of ERN with purified tubulin

We first investigated the ability of ERN to bind to purified 
tubulin using a tryptophan-quenching assay. A concentra
tion-dependent reduction of the tryptophan fluorescence 
was observed, indicating the binding of ERN to the protein 
(Figure 2(A)). Specifically, 25 lM, 50 lM and 100 lM of ERN 
reduced the fluorescence by 19%, 27% and 39%, 

respectively, in comparison with the vehicle- treated control. 
The effect of ERN interactions on the tertiary structure of 
tubulin was assessed with an ANS-binding assay. The com
pound enhanced tubulin-ANS complex fluorescence with 
increasing ERN concentration (Figure 2(B)). Compared to the 
control sample, 10 lM, 25 lM and 50 lM, of ERN increased 
tubulin-ANS fluorescence by 21%, 28% and 41%, respectively, 
suggesting considerable perturbations in the tertiary struc
ture of the protein.

3.3. Molecular docking, molecular dynamic simulation 
and predicted ADME properties of ERN

The blind docking approach was used to identify the most 
potent binding region for ERN with tubulin. All the predicted 
binding regions were evaluated for binding of ERN with 
tubulin and their binding affinity was evaluated using was 
Glide XPScore (Friesner et al., 2004; Halgren et al., 2004; Su 

Figure 1. A. Structure of ERN and effects of ERN on MDA-MB-231 cells B. Inhibition of cell viability after 24 and 48 h incubation with ERN (0–40 lM) (n¼ 3) C. 
Western immunoblot showing GPX4 expression following ERN treatment (0, 20 lM; 24 h, 48 h). GAPDH served as loading control (n¼ 3). D. Electron micrographs of 
ERN-treated MDA-MB-231 cells showing distinctive morphological features of ferroptosis as compared to control.

Figure 2. Interactions of ERN with tubulin and its effect on microtubules in vitro and in cells A. Dose-dependent binding of ERN to tubulin, as indicated by the 
reduction of intrinsic tubulin tryptophan fluorescence (T, tubulin). B. Dose-dependent enhancement of tubulin-ANS fluorescence by ERN, indicating perturbation of 
the tertiary structure of the protein. The spectra represent one of at least three independent experiments.
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et al., 2019) function and docking scores are collated in 
Table 1. ERN showed considerably strong binding to tubulin 
at the interface of a- and b-subunits, with the lowest dock
ing score value of −5.863 Kcal/mol (Table 1). This site was 
identified as the potential binding site for ERN 
(Figure 3(A,B)). The binding mode of ERN with tubulin (within 
5Å) was visualized using Ligplot (Wallace et al., 1995) 

(Figure 3(C)). The ERN binding involved four hydrogen bonds 
with the residues of tubulin, Asn A226, Thr A223, Gln B247 
and Val B355 (Figure 3(C)). Moreover, the interactions of ERN 
with the binding site residues showed a substantial amount 
of hydrophobic interaction (Supplementary Table S1). The 
stability of the ERN-tubulin co-complex throughout the 
100 ns MD simulation was elucidated based on the RMSD, Rg 

Table 1. Docking result of ERN with tubulin against all the predicted binding sites.

Site ID
Site score  

(Å)3
Volume  

(Å)3
Dscore  

(Å)3
Glide  

XPscore (Kcal/mol)
Glide Evdw  
(Kcal/mol)

Glide Emodel  
(Kcal/mol)

Glide Ecoul  
(Kcal/mol)

Glide Lipo  
(Kcal/mol)

1 1.006 848.196 1.018 −4.373 −53.86 −74.21 0.772 −5.623
2 1.086 599.65 1.091 −5.863 −49.864 −81.266 −12.367 −5.639
3 0.997 637.808 0.912 −5.025 −49.114 −78.311 −6.467 −3.125
4 1.049 324.392 1.054 −0.693 −44.407 −61.553 −1.035 −3.933
5 1.035 452.16 0.940 −5.465 −58.791 −72.077 0.129 −5.217
6 1.079 381.759 1.032 −4.351 −50.957 −77.48 −5.592 −4.476
7 0.980 268.483 0.987 −3.800 −36.277 −50.386 −6.628 −2.208
8 0.941 255.192 0.975 −5.813 −48.076 −78.178 −7.605 −5.381
9 0.975 159.752 0.953 −3.05 −40.914 −56.667 −3.873 −4.206
10 0.902 280.788 0.903 −4.311 −42.305 −78.983 −14.138 −2.928
11 0.915 152.635 0.852 −2.177 −23.514 −47.669 −8.201 −1.554
12 0.955 141.402 0.949 −3.136 −42.48 −64.735 −7.015 −3.33
13 1.040 191.137 0.853 −4.042 −43.423 −68.166 −7.537 −4.266
14 0.859 128.325 0.843 −3.786 −30.551 −50.876 −4.219 −3.06
15 0.984 112.118 0.946 −4.256 −41.293 −55.469 −4.33 −3.593

The Site ID 2, at the interface of a- and b-tubulin showed the lowest docking score, suggesting the potential binding site of ERN.

Figure 3. The binding mode of ERN with tubulin. A. ERN (green) is well accommodated inside the binding site at the interface of a- and b-tubulin. B. The binding 
site is represented as a macromodel surface according to a- (brown) and b-(blue) tubulin. C. 2D illustration of the interaction between the binding site residues 
and ERN. Dashed lines are the hydrogen bonds with their lengths being shown in Å. Hydrophobic interactions are represented by arcs with radial spokes. The fig
ure was created using LIGPLOT (Wallace et al., 1995). Only the residues within 5 Å of the docked ligands are shown in the figures.
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and RMSF plots. The low variation of RMSD (1.6–2.6 Å) and 
Rg (30–30.5 Å) values of the backbone Ca atoms was found 
to be quite minimal suggesting stability of the system 
(Figure 4(A,B)). The RMSF of the tubulin (Figure 4(C,D)) was 
analyzed to determine the flexibility of amino acids in both 
free form and ligand-bound form and the mean RMSF values 
for the contacting residues were found to be 0.68 Å and 
showed very little fluctuation (<4.0 Å) depicting the rigidness 
in both free and bound form. The Protein-ligand-contact 
mapping analysis revealed interactions of several amino acids 
with ERN like Glu 220, Arg 221, Thr 223, Asn 226, Arg 229, 
Asp 367, Pro 245, Gln 247, Leu 248, Met 323, Ser 324, Met 
325, Lys 326, Ala 354 and Val 355 (Figure 4(E)). The 3D super
imposition of the tubulin-ERN complex obtained during 

molecular docking and after MD simulation revealed RMSD 
of 2.494 Å (Supplementary Figure S1).

The predictive binding free energy (DGbind,PBSA) of ERN- 
tubulin is represented in Table 2 based on the MM-PBSA 
technique. The binding free energy was calculated by taking 
an average of 500 sequential snapshots acquired through 
the converged protein-ligand interactions complex of the 
last 10 ns of the MD simulation. ERN showed a stronger bind
ing affinity with tubulin, with a DGbind,PBSA value of 
−31.235 kcal/mol. The major contributors were the intermo
lecular van der Waals (DEvdw) and electrostatic (DEele) interac
tions. They provided an energy contribution of −28.541 kcal/ 
mol and −14.749 kcal/mol, respectively. In contrast, the polar 
solvation terms (DGSOL-PB) counteract binding. The non-polar 

Figure 4. RMSD, radii of gyration and RMSF of the residues of tubulin in both free and ERN-bound state. RMSD (A) and radius of gyration of Ca carbon atoms (B) 
of tubulin only and in complex with ERN during MD simulation (100 ns). The RMSD and Rg of the Ca atoms showed only minor relative variations in the simulation, 
suggesting the complex’s stability. C and D. RMSF of the tubulin amino acid residues in both the bound and unbound states with ERN. The flexibility level of the 
residues differed within the tubulin’s free and ligand bounds forms. A minimal variability was exhibited by the amino acids, confirming that the residues are quite 
rigid in both the free and bound form of tubulin. E. Bar graph of protein-ligand contacts and interactions of ERN with binding site amino acids (H-bonds, hydropho
bic, ionic and water bridges).

Table 2. Binding free energy along with its components (kcal/mol) for tubulin and ERN binding.

Complex DEvdw (kcal/mol) DEele (kcal/mol) DGSOL-PB (kcal/mol) DGSOL-NP (kcal/mol) DGbind-PBSA (kcal/mol)

Tubulin_ERN –28.541 –14.749 17.044 –4.989 –31.235
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solvation term (DGSOL-NP), although marginal, contributed 
favorably to the binding.

Several parameters for the prediction of ADME were 
determined as reported earlier (Pragyandipta et al., 2023). 
The acceptability of ERN as a vital drug was determined 
based on the Lipinski’s rule of five approaches. Remarkably, 
it was seen that ERN showed notable values for all the attrib
utes analyzed and confirmed all the drug-like capabilities 
(Table 3).

4. Discussion

Erastin has been reported to antagonize tubulin at the 
VDACs of mitochondria to induce cell death. However, the 
mode of interaction of ERN with tubulin is poorly under
stood. In this study, we investigated the fine details of the 
interactions between ERN and tubulin. To begin with, we 
examined the antiproliferative efficacy of ERN against MDA- 
MB-231 breast carcinoma cells. These cells represent one of 
the most malignant forms of breast cancer that has limited 
treatment options. In our study, we found its IC50 to be 
�20 mM (Figures 1(A,B)). After confirming the antiproliferative 
potential of the drug, we examined the nature of the bind
ing of ERN with tubulin. There are a number of in vitro 
assays that can be employed to verify whether a drug mol
ecule binds to tubulin and to gain insights into the nature of 
binding. Using tryptophan fluorescence as a probe, concen
tration-dependent alterations in the local environment of the 
tryptophan(s) of tubulin in the presence of increasing drug 
concentrations were observed (Figure 2(A)). The concentra
tion-dependent progressive perturbation of the microenvir
onment of the tryptophan residue was verified from the 
emission spectra of tryptophan fluorescence. Several tubulin- 
binding agents are capable of disrupting the structural integ
rity of the protein (Oliva et al., 2020; Acharya et al., 2009). 
The tryptophan-quenching assay, although used to substanti
ate the binding of a ligand to tubulin, will not give add
itional insights into the nature of drug-induced perturbation 
of the protein. One well-established, classic analysis to study 
the structural perturbation of proteins is the ANS-binding 
assay. ANS is a fluorescent probe that enhances its fluores
cence upon binding to exposed hydrophobic patches on 

proteins. Enhancement of ANS-tubulin fluorescence in a 
dose-dependent manner by ERN suggests its ability to disor
ganize the tertiary structure of the protein (Figure 2(B)). 
Using these two assays, we confirmed the binding of ERN to 
purified tubulin. Further, the molecular interaction and stabil
ity of binding of ERN with microtubules were studied based 
on molecular docking and MD simulation that showed prom
ising interactions of ERN at the interface between a and b 

tubulin monomers (Figures 3 and 4). The theoretical binding 
affinity calculated using MM-PBSA revealed stronger binding 
of ERN with tubulin (Table 2). Tubulin is a verified drug tar
get for a variety of diseases, including cancer (Choudhary 
et al., 2022). Several agents, such as derivatives of noscapine 
(Pradhan et al., 2017), pyrazole derivatives (Minu et al., 2016) 
and surface-functionalized gold nanoparticles (Nirmala et al., 
2021), can cause tubulin dysfunction and cell death. Here we 
show evidence that agents that can induce different forms 
of cell death, such as ferroptosis, possess considerable antitu
bulin activity and ADME properties.
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