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ABSTRACT

Beta-sitosterol (B-SITO), a phytosterol present in pomegranate, peanut, corn oil, almond, and avocado,
has been recognized to offer health benefits and potential clinical uses. -SITO is orally bioavailable and,
as a constituent of edible natural products, is considered to have no undesired side effects. It has also
been considered as a potent anticancer agent. However, the molecular mechanism of action of g-SITO as
a tubulin-binding anticancer agent and its binding site on tubulin are poorly understood. Using a
combination of biochemical analyses and molecular dynamic simulation, we investigated the molecular
details of the binding interactions of g-SITO with tubulin. A polymer mass assay comparing the effects of
B-SITO and of taxol and vinblastine on tubulin assembly showed that this phytosterol stabilized
microtubule assembly in a manner similar to taxol. An 8-anilino-1-naphthalenesulfonic acid assay
confirmed the direct interaction of g-SITO with tubulin. Although B-SITO did not show direct binding to
the colchicine site on tubulin, it stabilized the colchicine binding. Interestingly, no sulfhydryl groups of
tubulin were involved in the binding interaction of g-SITO with tubulin. Based on the results from the
biochemical assays, we computationally modeled the binding of p-SITO with tubulin. Using molecular
docking followed by molecular dynamic simulations, we found that g-SITO binds tubulin at a novel site
(which we call the ‘SITO site’) adjacent to the colchicine and noscapine sites. Our data suggest that
B-SITO is a potent anticancer compound that interferes with microtubule assembly dynamics by binding
to a novel site on tubulin.
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1. Introduction

Phytochemicals from natural sources, such as vegetables, fruits,
herbs, and tea, are known to possess cancer preventive properties
and cancer treatment potential (Saha and Khuda-Bukhsh, 2013).
Beta-sitosterol (B-SITO) is a major plant sterol present in pome-
granate, peanut, olive oil, corn oil, avocado, and almonds, and in
different quantities in a number of vegetables, fruits and legumes
(Jiménez-Escrig et al., 2006; Rosenblat et al., 2013). This sterol
regulates blood cholesterol levels (Wu et al., 2014) and is anti-
atherogenic (Rosenblat et al., 2013), anti-diabetic (Radika et al.,
2013), and anti-asthmatic (Yuk et al., 2007). Previous studies on
the anticancer properties of -SITO indicated that it could also be a
potential anticancer drug. For example, a study carried out using
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breast cancer cells showed that g-SITO activates Fas signaling and
induces apoptosis (Vundru et al., 2013). g-SITO was found to be
effective at killing colon (HT-29) and prostate (LNCaP) cancer cell
lines (Awad et al., 1996; von Holtz et al., 1998). Importantly, a
study by Baskar et al. (2010) found that the compound can be
selectively toxic to cancer cells without causing considerable
damage to normal cells. A report by Moon et al. (2008) demon-
strated that the sterol can arrest cells at Go/M and affect micro-
tubule assembly. Considering the drawbacks of current anticancer
drugs, such as intolerable, toxic side effects, B-SITO appears to be a
promising alternative. In this context, it is relevant to note that this
phytosterol has neuroprotective properties (Hamedi et al., 2014).

Microtubules, which are cylindrical polymers of the protein
tubulin, form a major structural component of cytoskeleton in
eukaryotes. Tubulin is composed of two non-identical subunits, o
and B. The structural integrity of tubulin is essential for the
formation of functional mitotic spindle that can properly segregate
sister chromosomes during cell division. Tubulin provides binding
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sites for a variety of anticancer compounds, several of which have
progressed to clinical use as approved anticancer drugs. For exam-
ple, United States Food and Drug Administration-approved drugs
such as ixabepilone (Ixempra, Bristol-Myers Squibb; http://www.
accessdata.fda.gov/drugsatfda_docs/label/2009/022065s0021bl.pdf),
eribulin (Halaven, Eisai Co.; http://www.accessdata.fda.gov/drug-
satfda_docs/label/2010/2015321bl.pdf) and the maytansinoid used
for the antibody drug conjugate ado-trastuzumab emtansine (Kad-
cyla,Genentech; http://www.accessdata.fda.gov/drugsatfda_docs/label-
/2013/1254271bl.pdf) target tubulin and microtubules through diverse
molecular mechanisms, thereby inhibiting tumor progression. Despite
accumulating evidence of B-SITO's anticancer properties, little is known
about its molecular mechanism of action or putative binding site on
tubulin. A study conducted approximately a decade ago first reported
B-SITO's possible effects on microtubules (Wang et al., 2006). A more
recent study provided evidence that B-SITO affects tubulin assembly
and induces G,/M arrest (Moon et al., 2008).

We investigated the molecular details of the binding interaction
of B-SITO with tubulin using a combination of biochemical analyses,
and molecular dynamic simulations (MD simulations). We found
that B-SITO stabilized microtubule assembly and showed direct
binding to tubulin. While not binding to the colchicine site itself,
B-SITO stabilized colchicine binding to tubulin. Interestingly,
B-SITO's interactions with tubulin did not involve the sulfhydryl
groups of tubulin. Based on these findings, a comprehensive
molecular modeling study was performed, using a combination of
ligand docking and MD simulations. The modeling data substan-
tiated the biochemical findings and indicated the presence of a
unique binding site for p-SITO on tubulin at the intra-dimer inter-
face, distinct from the colchicine site.

2. Materials and methods
2.1. Materials

Beta-sitosterol (B-SITO), vinblastine, taxol, 8-anilino-1-naphth-
alenesulfonic acid (ANS), Guanosine-5'-triphosphate (GTP), Pipera-
zine-N,N'-bis(2-ethanesulfonic acid) (Pipes), Magnesium sulfate
(MgSQ,), Ethylene glycol tetraacetic acid (EGTA), and 5,5'-dithiobis-
2-nitrobenzoic acid (DTNB) were purchased from Sigma (St. Louis,
MO). All other reagents were of analytical grade. B-SITO was
dissolved in dimethyl formamide (DMF) after purging the latter with
argon. Vinblastine was dissolved in water. Taxol was dissolved in
dimethyl sulfoxide (DMSO).

2.2. Spectral measurements

Fluorescence spectra were obtained using a Flouromax 4 spec-
trofluorometer (Horiba Scientific, Edison, NJ) supported by a
FluorEssence 3.5 software. A 0.3 cm quartz cuvette was used for
reading the samples. Absorbance readings were taken in a Tecan
Infinite® M200 PRO multimode reader (Tecan, Switzerland).

2.3. In vitro tubulin polymerization assay

Tubulin was purified from goat brain as described (Gupta and
Panda, 2002), and stored at —80 °C until used. The tubulin was
polymerized without or with different concentrations of p-SITO
(0-20 uM), 1 uM vinblastine, or 5 uM taxol in PEM buffer (50 mM
Pipes, 1 mM EGTA, 3 mM MgS0O,4, pH 6.8), in the presence of 1M
glutamate, at 35 °C, for 45 min. The polymers were centrifuged in a
Beckman Coulter Aventi |26 S XP centrifuge (Beckman Coulter,
Brea, CA), using a JA-18.1 rotor (35000xg; 35 °C; 45 min). After the
centrifugation, the supernatants were carefully aspirated off, and
the pellets dissolved in water on ice by overnight incubation

(Lopus et al., 2012). Next day, the protein concentrations were
measured using a Bradford assay with bovine serum albumin
(BSA) as the standard (Bradford, 1976).

2.4. Conformational states of tubulin tertiary structure using
8-anilino-1-naphthalenesulfonic acid (ANS)

ANS has been used to investigate whether a ligand makes direct
contact with its target protein and alters the latter's structural
features (Lopus and Panda, 2006). Tubulin (2 uM) was incubated
with B-SITO (0-50 uM) for 30 min at 35 °C. After the incubation,
ANS (50 uM) was added and the samples were incubated for an
additional 20 min. Subsequently, the samples were excited at
380 nm and the emission spectra were collected (390-500 nm).

2.5. Colchicine binding assay

To obtain structural insights into putative binding site of p-SITO on
tubulin, we tested whether the compound binds at the colchicine
binding site, a site shared by compounds such as colchicine, podo-
phyllotoxin, combreastatin, and curacin A (Lu et al, 2012;
Bhattacharyya and Wolff, 1974). Tubulin (3 pM) was incubated with
different concentrations (0-50 uM) of B-SITO at 35 °C for 30 min.
Subsequently, colchicine (10 uM) was added and the samples were
incubated for an additional 60 min at 35 °C. The samples were excited
at 360 nm, and the emission spectra were recorded (390-460 nm).

2.6. 5,5-dithiobis-2-nitrobenozoic acid (DTNB) assay

5,5'-dithiobis-2-nitrobenozoic acid (DTNB) reacts specifically
with sulfhydryl groups and releases 3-thio-6-nitrobenzoate ion that
absorbs light at 412 nm (Roychowdhury et al, 2000). Potential
modification of sulfhydryl groups by the treated ligand can be
monitored by measuring changes in the absorbance at 412 nm
(Roychowdhury et al., 2000). Tubulin (3 uM) was incubated with
different concentrations of p-SITO (0-75 uM) for 15 min at 35 °C in
20 mM phosphate buffer. Subsequently, DTNB (200 uM) was added
and the samples were incubated for 45 min at 35 °C. Absorbance
was measured at O min and after the 45 min incubation. The
number of modified cysteine residues was calculated by using molar
extinction coefficient of 13 600 M~! cm~! for DTNB at 412 nm.

2.7. Molecular modeling

2.7.1. Molecular building of p-SITO and structure optimization

Molecular structure of g-SITO was built using molecular builder of
Maestro (version 9.2, Schrodinger). Energy minimization of the
structure was performed using Macromodel software (version 9.9,
Schrédinger), and by OPLS (Optimized Potentials for Liquid Simula-
tions) 2005 force field with PRCG (periodic ranging code group)
algorithm (1000 steps of minimization, energy gradient, 0.001).
Ligprep software (version 2.5, Schrodinger, LLC) was used for assign-
ing appropriate bond order to the molecular structure. Geometrical
optimization of the B-SITO structure was carried out using hybrid
density functional theory (DFT) with Becke's three-parameter
exchange potential and the Lee-Yang—Parr (B3LYP) correlation func-
tional (Lee et al., 1988; Becke, 1993). 3-21 G* was used as basis set
(Binkley et al., 1980). Jaguar software (version 7.7, Schrédinger, LLC)
was used for the final geometrical optimization of g-SITO.

2.7.2. Preparation of crystal structure of ap-tubulin complex

The X-ray crystallographic structure of af-tubulin complex (PDB
ID: 1SAO, resolution 3.58 A) was prepared as reported earlier
(Manchukonda et al., 2013). All-atom molecular dynamic simulation
in explicit water was carried out using GROMACS 4.5 and
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AMBER99SB force field for 10 ns for additional stabilization of the
structure. Five thousand frames were generated in the MD trajec-
tories, and the last 2000 frames were used to generate an average
structure of the tubulin complex. The overall quality of the model,
stereochemical values, and non-bonded interactions were evaluated
using PROCHECK, ERRAT and VERIFY 3D. PROCHECK indicated that
94.8% of backbone angles were in allowed regions (G-factors, —0.12).
The ERRAT score, 88.402, and VERIFY 3D score, 95.25%, substantiated
that the model is a good quality one.

2.7.3. Prediction and analysis of p-SITO binding pocket

All possible binding sites of B-SITO on tubulin heterodimer
were predicted and analyzed using SiteMap software (version 2.4,
Schrodinger), which uses Goodford's grid algorithm (Goodford,
1985) to define a binding site with a set of site points. For
comparative analyzes, only those binding sites that consist of at
least 5 site points were considered.

2.7.4. Molecular docking of p-SITO to tubulin heterodimer

The receptor-grid file was generated using a grid receptor
generation program (van der Waals scaling, 0.4 A; absolute partial
charges, < 0.25 to atoms of protein). Using Glide 5.7 (Schrodinger,
LLC), grid boxes of 12 A each for the bounding and enclosing boxes
were produced at the centroid of the predicted binding sites.
Molecular docking of the optimized B-SITO structure onto tubulin
was performed using Glide XP 4.5, and was evaluated using a Glide
XPscore function (Halgren et al, 2004; Friesner et al., 2004).
Initially, fifty thousand poses were sampled and 4000 among
them were subjected to energy minimization (conjugate gradients
method over 1000 steps). Finally, 30 structures with lowest energy
conformations were screened for favorable Glide docking score.
Single best conformation for B-SITO-tubulin complex was then
selected for further molecular modeling calculations.

2.7.5. Molecular dynamics simulations (MD simulations)

The docked complex of B-SITO with tubulin was used as initial
conformation for MD simulation, which was performed with an
AMBER 11.0 software suite using AMBER99SB force field. Each
molecular system was solvated with ~ 32,300 TIP3P water molecules
in a truncated octahedral box and neutralized by adding 32 Na™ ions.
Energy minimization of the molecular system was done in three
consecutive rounds (each consisting of 500 steps of steepest descent
followed by 500 steps of a conjugate gradient energy minimization
method). By employing this method, bad contacts in the structure
were removed. Positional restraints were applied to the whole system
for the first and second round, to allow for relaxation of the solvent
molecules (Force constants, 10 kcal~'A~=2 and 2 kcal~'A~2, respec-
tively). In the third round, the whole system was minimized without
restraint. This was followed by a 10 ns MD simulation with a time step
of 2 fs following 200 ps of equilibration at 300 K. SHAKE algorithm
(Ryckaert et al., 1977) was applied for every bond involving hydrogen
bonds. The non-bonded cut off distance was 10 A. Particle Mesh Ewald
(PME) method was applied to treat long-range electrostatic interac-
tions. A langevin thermostat was used to regulate the temperature of
the system. For carrying out all equilibration and ensuing MD stages,
an isothermal isobaric (NPT) ensemble (Berendsen barometer; Hornak
et al.,, 2006; Berendsen et al., 1984; target pressure, 1 bar) was used,
and trajectories were recorded at every 1 ps.

2.7.6. Calculation of binding free energy of p-SITO with tubulin using
molecular mechanic/ Poisson-Boltzmann surface area (MM-PBSA)
and molecular mechanics with generalized born /surface area (MM-
GBSA) solvation

Binding free energy of p-SITO with tubulin was calculated
based on both MM-PBSA and MM-GBSA [Kollman et al., 2000;

Massova and Kollman, 2000) using AMBER 11.0. For this, a total of
1000 snapshots, generated from the last 2 ns of the MD trajectory,
were considered. The binding free energy (AGpina) of B-SITO for
each frame was then calculated using the following equation:

AGbind = Gcomplex - (Greceptor + Gligand) (‘1 )

The free energy (G) for each species was calculated as described
previously, using the MM-PBSA and MM-GBSA methods. Specifi-
cally

G = Egas + Gy =TS )
Egas = Eint +Ecle +Evaw 3)
Gele.pB(GB) = Eele +GpB(GB) 4)
Gsol = Gsol —np +Gpa(cp) (5)
Gsol—np =rSAS

where Eg,; is the gas-phase energy; Ei is the internal energy; and
Eele and Eygy are the Coulomb and van der Waals energies,
respectively. AMBER ff99SB molecular mechanics force field was
used to calculate Eg,s. The solvation free energy, Gso, was decom-
posed into polar and non-polar contributions. Solving the PB and
GB equation provided the polar solvation contribution, Gpggg).
Geleppc) and Gso_pnp are polar and the non-polar solvation
contributions. T and S are the temperature and the total solute
entropy, respectively.

2.7.7. Ligand-residue interaction decomposition

The binding free energy contribution of each residue with the
B-SITO within the binding cavity of of tubulin dimer was analyzed
using MM-GBSA decomposition process utilizing MM-GBSA mod-
ule in Amber 11.0. The binding free energy of each ligand-residue
pair includes three energy terms: the van der Waals contribution
(AEyqw), the electrostatic contribution (AEee) and the solvation
contribution (AEs). All the energy components were calculated
using the same frames obtained from MD trajectories that were
used for calculation of binding energy of p-SITO.

3. Results
3.1. p-SITO promoted microtubule assembly

The majority of the microtubule-targeted agents either pro-
motes or inhibits tubulin assembly. We tested the effect of p-SITO
on microtubule assembly using a polymer mass assay, in which the
microtubules, formed in the absence or presence of different
concentrations of B-SITO, were collected by centrifugation fol-
lowed by determination of the concentration of the sedimented
polymers using a Bradford assay. p-SITO (Fig. 1A) stabilized
microtubules assembly (Fig. 1B). Compared to control, pB-SITO
showed an increase in the assembled polymer in a
concentration-dependent manner. Specifically, compared to con-
trol, 10 uM and 20 puM B-SITO increased the polymer mass by 7%
and 23%, respectively (Fig. 1B). The increase in polymer mass at
20 uM B-SITO was comparable to that of the polymers formed in
the presence of 5 uM taxol (the latter increased the polymer mass
by 26%). One puM vinblastine showed a 32% reduction in the net
polymer mass, compared to control. The data indicate that g-SITO
does not inhibit microtubule assembly, and instead, it is a potential
stabilizer and promoter of microtubule assembly.
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Fig. 1. B-SITO, and its effects on microtubule polymer mass. (A) Structure of B-SITO (3S,8S,9S,10R,13R,14S,17R)-17-[(2R,5R)-5-ethyl-6-methylheptan-2-yl]-10,13-dimethyl-
2,3,4,7,8,9,11,12,14,15,16,17-dodecahydro-1 H-cyclopenta[a]phenanthren-3-ol ). (B) Effect of p-SITO on microtubule polymer mass. Tubulin (15 uM) was assembled without or
with g-SITO (0-20 uM), vinblastine (1 pM), or taxol (5 uM) (35 °C, 45 min) and the assembled polymers sedimented (35 °C, 45 min). Concentration of the polymers was
determined using a Bradford assay. -SITO enhanced the quantity of sedimented polymers, indicating potential stabilization of microtubule assembly. The experiment was
repeated twice. Data represent mean + S.D.*P < 0.05, versus control; **P < 0.01, versus control (Students' t-test).
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Fig. 2. Enhancement of tubulin-ANS fluorescence by p-SITO. Tubulin (2 uM) was
incubated (35 °C, 30 min) without (open squares) or with 30 uM (open circles), or
50 uM (solid circles) p-SITO, followed by an additional 20 min incubation with ANS
(50 pM). The samples were excited at 380 nm and the emission spectra collected
(390-500 nm). B-SITO showed a concentration-dependent increase in tubulin-ANS
fluorescence, indicating its binding to tubulin. The graph is a representative of three
independent experiments.

3.2. p-SITO altered the surface features of tubulin

B-SITO perturbed the tertiary structure of tubulin as indicated
by the increase in tubulin-ANS fluorescence with increasing
concentrations of B-SITO. Compared to control, 30 uM and 50 uM
of B-SITO increased the ANS fluorescence considerably (Fig. 2).
Specifically, at 470 nm, 30 uM B-SITO increased the tubulin-ANS
fluorescence by 16%, and 50 uM B-SITO showed a 40% increase in
the fluorescence, indicating that g-SITO interacts with tubulin and
alters the surface features of the protein.

3.3. p-SITO did not bind colchicine site on tubulin

Colchicine binding site on tubulin provides binding site for
several anticancer agents including colchicine, podophyllotoxin,
combreastatin, and curacin A (Lu et al., 2012). Colchicine in
aqueous solution does not show considerable fluorescence. How-
ever, tubulin-bound colchicine shows substantial increase in
fluorescence intensity (Bhattacharyya and Wolff, 1974). Using this

200

150
30 uM BS

Control

Fluorescence Intensity (A.U.)
=)
o

T T T T T T T T T T T T T
390 400 410 420 430 440 450 460
Wavelength (nm)

Fig. 3. Stabilization of colchicine binding to tubulin by g-SITO. Tubulin (3 uM) was
incubated (35 °C, 30 min) without (solid squares), or with 30 uM (open circles) or
50 uM (sold triangles) B-SITO. Subsequently, the samples were incubated (35 °C,
1 h) with colchicine (10 uM). Following the incubation, the samples were excited at
360 nm, and the emission spectra recorded (390 nm - 460 nm). $-SITO increased
the tubulin-colchicine fluorescence, indicating the stabilization of colchicine bind-
ing to tubulin. The graph is a representative of three independent experiments.

colchicine-binding assay, we examined if p-SITO binds at colchi-
cine site. A pre-incubation of tubulin with p-SITO (10-50 uM) did
not show any decrease in colchicine fluorescence. Interestingly, at
30 uM and 50 uM, p-SITO showed a slight but consistent increase
in tubulin-colchicine fluorescence, indicating that the g-SITO does
not bind colchicine directly, but stabilizes colchicine binding
(Fig. 3).

3.4. p-SITO did not modify the sulfhydryl groups of tubulin

Tubulin binding agents such as vinblastine and colchicine are
known to modify cysteine residues of proteins (Roychowdhury
et al,, 2000). When tubulin was incubated with different concen-
trations of B-SITO (0-75 uM), followed by incubation with DTNB
(200 uM), there was no reduction in the number of cysteine
residues. Conversely, we found a slight increase in the number of
cysteine residues in the presence of p-SITO. For example, whereas
in the absence of B-SITO the number of accessible cysteine
residues was 15 + 1, in the presence of 75 uM B-SITO, the number
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of available cysteine residues was found to be 17 + 0.7 (Table 1).
The result suggests that the binding of g-SITO to tubulin does not
involve sulfhydryl residues of tubulin.

3.5. Computational modeling of the interactions of -SITO with
tubulin indicated a unique binding site near the colchicine site

Based on the findings from the biochemical assays, we inves-
tigated the molecular details of the binding of g-SITO with tubulin
using ligand docking and molecular dynamic simulation
approaches.

3.5.1. Beta SITO binds to tubulin with strong affinity

The molecular interaction and binding affinity of g-SITO with
af-tubulin were determined using molecular docking and MM-
PBSA/MM-GBSA calculations. A blind docking approach was
employed to examine the molecular docking of B-SITO with
tubulin in which B-SITO was docked into each of the predicted
binding sites. The probable binding site of B-SITO was then
screened based on the better docking scores and findings from
biochemical experiments, which indicated the stabilization of the
colchicine site and the non-involvement of Cys residues in $-SITO-
tubulin interaction (Fig. 3 and Table 1, respectively). Among the
docking scores of B-SITO for all the binding sites (Table 2), binding
site 4, with which B-SITO had the best docking score (—7.694 kcal/
mol) and which had no -SH groups within an 8 A diameter, was
selected as the putative binding site.

Table 1
Effect of -SITO on Cys residues of tubulin.

B-SITO (uM) Number of Cys residues
0 15+1

50 16+1

75 17 +£0.7

Table 2
Prediction of p-SITO binding site on tubulin.

Based on the insights from molecular docking, we used
molecular dynamics simulations to determine the preferential
binding mode of B-SITO with op-tubulin complex. The complex
obtained from molecular docking was simulated for 10 ns to
obtain a total of 10,000 frames. The stability of the system was
monitored by the root-mean-square deviation (RMSD) of Ca-
atoms throughout the duration of the simulation as shown in
Fig. 4. The RMSD of the complex reached equilibrium at 4000 ps,
and the RMSDs of the atoms oscillated between 1.5 A and 2 A
afterwards. The compound was observed to dock at the ap-tubulin
complex throughout the 10 ns simulation. The binding mode of
B-SITO was found to involve interactions with both a-tubulin and
p-tubulin and was well accommodated inside the binding cavity
(Fig. 5A and B). The physico-chemical properties of the interaction
are shown in Table 2. The binding mode is represented in two

a/p tubulin with drug

Q 5 —— Unbound a/p tubulin
-~

=

=

=

E 44

Z

=

)

3 3

=

=2

12

=

5 21

£

-

S

2 7

0 T T T T
0 2000 4000 6000 8000 10000
Time (ps)

Fig. 4. Root mean square deviation of Ca atoms of «/p-tubulin in the free form and
B-SITO bound form during MD simulation. The relative fluctuation in the RMSD of
the Ca atoms was very small after 400 ps, indicating that each system reached
equilibrium at 400 ps.

Binding Site Site Score Size Exposure Enclosure Contact Phobic Philic Balance Don/acc Docking score (kcal/mol)
1 1.043 470 0.513 0.803 0.964 1.021 0.903 1.131 0.556 —8.793
2 1.017 226 0.517 0.745 0.924 1.05 0.862 1.219 0.826 —8.785
3 0.913 125 0.606 0.667 0.806 0.292 1.003 0.291 0.509 —6.016
4 0.785 76 0.73 0.673 0.765 0.533 0.758 0.704 1.502 —7.694
5 0.634 46 0.699 0.665 0.831 0.05 1.164 0.043 2.208 —6.289
6 0.733 44 0.604 0.63 0.848 1.692 0.629 2.691 1.207 —4.726
7 0.719 39 0.629 0.721 0.957 1.243 0.718 1.732 0.578 —5.527
8 0.507 33 0.822 0.565 0.646 0.423 0.603 0.702 1.933 —4.497
9 0.602 33 0.689 0.619 0.811 0.677 0.96 0.705 2.103 —6.105
10 0.551 25 0.658 0.654 0.855 0.318 0.771 0.413 2.328 —7.227
1 0.599 37 0.667 0.601 0.693 0.49 0.982 0.499 1.154 —3.324

12 0.591 22 0.699 0.699 0.969 0.724 0.896 0.808 0.562 —5.991
13 0.731 26 0.447 0.888 1.389 0.318 1.614 0.197 0.959 —6.114
14 0.467 22 0.821 0.602 0.723 0.007 1.024 0.007 1.163 —4.901
15 1.034 22 0.463 0.992 1.257 4473 0.595 7.524 1.166 —2.361
16 0.565 18 0.746 0.672 0.86 1.243 0.525 2.369 0.778 —5.056
17 0.446 12 0.769 0.569 0.785 0.479 0.772 0.621 0.742 —2.318
18 0.747 15 0.444 0.99 1.539 0.53 1.584 0.335 1.026 —4.683
19 0.449 17 0.828 0.552 0.686 0.599 0.686 0.873 0.976 —3.502

20 0.36 9 0.873 0.515 0.661 0.197 0.741 0.266 5.582 —2.046

21 0.479 19 0.829 0.575 0.624 0.995 0.418 2.38 0.952 —4.189

22 1.058 9 0.25 0.999 1.739 8.431 0.103 81.674 0 —3.804

23 0422 12 0.824 0.561 0.697 0.384 0.818 0.47 1.983 —4.819

24 0.388 16 0.828 0.492 0.542 0.19 0.78 0.244 0.739 —2.791

25 0.332 8 0.904 0.524 0.544 0.058 0.642 0.09 0.424 —3.804

26 0.373 10 0.848 0.527 0.703 0.003 0.93 0.004 3.209 —1.960

27 0.379 6 0.872 0.518 0.688 0.856 0.368 2.326 4.57 —3.922

28 0.597 6 0.727 0.814 1.289 0.944 0.996 0.948 1.716 —6.030
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Fig. 5. p-SITO binds a novel site on tubulin. (A, B) Three dimensional representation of p-SITO (shown in purple on 5A)-tubulin interaction. Only the residues that contribute binding
free energy less than —0.5 kcal/mol are shown. (C) Two-dimensional representation of the binding mode of p-SITO with tubulin, and the residues involved therein. ‘A’ denotes the

residues of a-tubulin and ‘B’ denotes the residues of p-tubulin.

Table 3
Energy components and their energy contribution for the interactions between p-
SITO and tubulin.

Table 4

Per residue energy decompositions (AGpinacs (kcal/mol)) in p-SITO-«/p-tubulin
complex.

Energy component Energy contribution (kcal/mol) 0 Chain Residue AEiyaw AE;ele AGisol 8 AGijsol—np  AHitorcs
AEine A ALA 99 —0.532 —0.001 0.1 —0.069 —0.502
AEyqw —41.97 ARG 104 —-1.679 0.148 0.793 -0.23 —0.969
AEge —7.849 TRP 406 —3.001 —0.052 1.759 —0.452 —1.747
AEgas/ AEpm —49.70 GLY 409 —1.105 0.01 0.719 —0.243 —-0.619
AGpp 32.97 B ILE 162 —0.418 0.017 —0.045 —-0.133 —-0.579
AGsol—np —3.839 VAL 254 —0.556 0.017 —-0.022 —0.035 —0.595
AGsolv,pB 29.13 PRO 260 —1.471 —-0.813 0.644 —0.257 —1.897
AGeiers 2512 ARG 261 —0.657 —1.079 1.18 ~0.017 ~0.574
AGpind,PB —20.57 LEU 262 —0.836 —1.422 0.98 —0.109 —1.388
AGgp 23.55

N 19.13

AGeie GB 15.70

AGbindscB —-30.57 also suggest that both the intermolecular van der Waals (AE,qw)

steps (Fig. 5B and C): (a) receptor residues that have strong
interactions, such as hydrogen bonding with p-SITO; and
(b) receptor residues that are close to the B-SITO but have weak
or diffuse interactions with the ligand, such as hydrophobic
interactions.

The predictive binding free energy of p-SITO with the ap-tubulin
complex was determined using a combination of MM-PBSA and
MM-GBSA methods (see Table 3). The calculated binding energy,
—20.57 kcal/mol (MM-PBSA) and - 30.57 kcal/mol (MM-GBSA),
indicates strong interactions of B-SITO with ap-tubulin. The data

and the electrostatic (AEee) interactions contributed significantly to
the binding, whereas the polar solvation terms (AGpg(gg)) counter-
acted the binding. In contrast, non-polar solvation terms (AGse|—np)
—which correspond to the burial of solvent-accessible surface-area
upon ligand binding—made only slightly favorable contributions.
Although the gas-phase electrostatic value (AEg,s) was in favor of
the binding of p-SITO, the overall electrostatic interaction energy
(AGele,pB(GB)) Was positive and thus unfavorable for binding, perhaps
due to the large desolvation penalty of charged and polar groups
that are not sufficiently compensated by a complex formation.
Comparing the net polar energy (AGpgg)+AEee) and nonpolar
energy (AGsol— nonpolar+ AEvaw) contributions, we observed that the
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binding of B-SITO to tubulin is driven mostly by nonpolar interac-
tion. The binding free energy of individual amino acids involved in
interactions with p-SITO was calculated based on MM-GBSA
(Table 4). Nine residues contributed significant binding energy with
B-SITO, each yielding < — 0.5 kcal/mol of free energy. The analysis
revealed that Trp 406 of a-tubulin and two residues, Pro 260 and
Leu 262 of p-tubulin, contributed binding free energy
of < — 1.0 kcal/mol and are key residues in the binding of g-SITO.

4. Discussion

A major challenge associated with cancer chemotherapy is the
toxic and often unbearable side effects of the drugs (Miltenburg
and Boogerd, 2014). Therefore, identifying anticancer agents less
toxic to normal cells and understanding their interactions with
cellular targets are important in the development of effective
cancer therapeutics. Through a literature survey, we identified
B-SITO as a potent anticancer agent present in several edible
vegetables and nuts (Jiménez-Escrig et al., 2006; Awad et al,,
2000), whose health protective effects might prevent severe side
effects in patients (see the introduction). Our study found that -
SITO is a tubulin binding agent and that its interaction with
tubulin involves several interesting features.

4.1. Biochemical characterization of p-SITO-tubulin interaction

As observed with a polymer mass assay, B-SITO slightly
promoted tubulin assembly (Fig. 1B). However, it required a
concentration of 20 uM to produce a 23% increase in polymer
mass, while Taxol needed only 5 uM to produce a similar effect,
indicating that, as a promoter of tubulin assembly, p-SITO is
approximately 4 times weaker than Taxol. Drugs that do not
significantly alter microtubule polymer mass are considered viable
choices for microtubule-targeted cancer therapy. For example, the
synthetic derivatives of noscapine called noscapinoids do not alter
the polymer mass significantly but have been shown to possess
high tumor specificity and negligible tissue toxicities (Lopus and
Naik, 2015). Additionally, these congeners of the plant-derived
alkaloid have been shown to be effective against multidrug-
resistant cell lines. Similarly, the anti-tubulin agent dicoumarol
only slightly reduces microtubule polymer mass but has been
found to be a potential microtubule-targeted agent with strong
anticancer potential (Madari et al., 2003). Estramsutine, an antic-
ancer drug used in the treatment of prostate cancer, is another
example of the tubulin-binding agents (Panda et al., 1997) that do
not significantly alter microtubule polymer mass. A novel group of
anti tubulin agents, taccalonolides, are also known for their ability
to stabilize microtubule assembly (Risinger et al., 2013, 2014). p-
SITO might not induce severe, dose-limiting toxicities, including
peripheral nerve damage, because it does not significantly alter
microtubule assembly dynamics. Drug-induced peripheral neuro-
pathy is thought to arise due to severe disruption of microtubules
in peripheral nerves caused by the chemotherapeutic agent
(Miltenburg and Boogerd, 2014; Franker and Hoogenraad, 2013).

The direct binding of B-SITO to tubulin and the binding-induced
alterations on the surface features of tubulin were confirmed with
an ANS binding assay (Fig. 2). ANS non-covalently binds to
hydrophobic amino acids on proteins and shows several-fold
increases in fluorescence in its protein-bound state (Lopus and
Panda, 2006). This method is routinely employed in studying the
potential binding of microtubule assembly-modulating agents to
tubulin.

After establishing that g-SITO stabilized tubulin assembly by
binding to tubulin, we investigated further the nature of the
interaction of p-SITO with tubulin. A colchicine binding assay

showed that the compound did not bind at the colchicine site
but, instead, stabilized colchicine binding, as indicated by the
increase in colchicine fluorescence in the presence of the phytos-
terol (Fig. 3). The stabilization of colchicine binding by B-SITO
suggested that its binding site might be in close proximity to the
colchicine binding site. Interestingly, unlike the colchicine binding
to tubulin that involves sulfhydryl groups, the binding of p-SITO to
tubulin did not show involvement of —-SH groups (Table 1). Many
microtubule assembly-inhibiting compounds are known to inter-
act with Cys residues, of which Cys 239 has been found to be the
most reactive (Hamel, 2008). Therefore, it can be suggested that
the observed lack of inhibition of microtubule assembly caused by
B-SITO might be due to a lack of involvement of Cys residues in
tubulin with p-SITO. However, it must be noted that a lack of
involvement of Cys residues does not always result in the absence
of inhibition of microtubule assembly. For example, pseudolarix
acid B, a tubulin-binding anti-angiogenic agent, inhibits micro-
tubule assembly without interacting with the sulfhydryl groups of
tubulin (Tong et al., 2006).

4.2. Molecular modeling of p-SITO with tubulin

The data obtained from the biochemical assays formed the
basis for the comprehensive computational modeling of p-SITO
with tubulin. Tubulin provides binding sites for a number of
ligands, and the drug-binding sites on tubulin are thought to be
the binding sites for microtubule-associated proteins, including
microtubule plus-end tracking proteins, such as EB1 and CLIP-170
(Lopus et al., 2012). As shown in the results section, ligand docking
studies and a molecular dynamic simulation provided details of 8-
SITO binding to tubulin. While molecular docking indicated the
putative binding site of the phytosterol, the simulation contributed
to a detailed understanding of the binding of p-SITO to a ap-
tubulin complex in aqueous solution. Specifically, it was found that
9 amino acid residues (5 from f tubulin and 4 from « tubulin; Ala
99, Arg 104, Trp 406, Gly 409, Ile 162, Val 254, Pro 260, Arg 261,
Leu 262; Fig. 5B, C and Table 4) were involved in the stabilization
of the binding of B-SITO with tubulin. Notably, none of the amino
acids present in the binding site of colchicine (Manchukonda et al.,
2013) or vinblastine (Venghateri et al., 2013) were involved in the
binding of B-SITO to tubulin. As well, none of the amino acids
involved in noscapine binding to tubulin (at a site that partially
overlapped the colchicine site) or in maytansine-tubulin interac-
tions (Venghateri et al., 2013) were involved in B-SITO-tubulin
interactions. Benomyl, a tubulin-binding benzimidazol, is thought
to bind to tubulin at a novel site (Gupta et al., 2004). However, it is
unlikely that B-SITO shares binding site with benomyl, whose
binding to tubulin involves modification of cysteine residues
(Gupta et al., 2004). Therefore, based on available information,
we propose that B-SITO binds to a novel site on tubulin, which we
call the SITO site. p-SITO stabilizes colchicine binding to tubulin;
therefore, it can be assumed that the SITO site is in close proximity
to the colchicine site. The docked location of -SITO on tubulin (Fig
5A) supports this possibility.

4.3. Potential of p-SITO as a component in combination therapy

In facilitating microtubule assembly, g-SITO showed similarity
to Taxol. Drugs that stabilize microtubules through different
mechanisms have the potential to increase the effectiveness of
individual drugs while minimizing their toxic side effects. For
example, the combination of the microtubule-stabilizing agent
estramustine with Taxol was found to be effective against
hormone-refractory prostate cancer (Hudes et al., 1997). Similarly,
another microtubule-stabilizing agent, dicoumarol, which is a
coumarin anticoagulant, was found to be effective at inhibiting
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cell division when combined with taxol (Madari et al., 2003). As
discussed, B-SITO has functional biochemical similarities with
estramustine and taxol. We propose that g-SITO has potential for
use in combination therapy with taxol. Compounds such as taxol
(Madari et al., 2003) and taccalonolides (Risinger et al., 2013, 2014)
do not inhibit microtubule polymer mass but suppress the
dynamic instability of microtubule (random alterations of the
growth and shortening phases of microtubules; Yenjerla et al.,
2010) and, thereby, disrupt mitotic spindle function, leading to
mitotic arrest, often followed by cell death. B-SITO is known to
disrupt cellular microtubules (Moon et al., 2008). It is possible
that, at sub-stoichiometric concentrations, -SITO also suppresses
microtubule dynamic instability. Given the health benefits of
B-SITO, including neuroprotection (Hamedi et al., 2014), this
phytosterol is proposed as a suitable candidate for further pre-
clinical and clinical evaluation as a potential anticancer drug.
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