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ABSTRACT

The initiation of microtubule assembly within cells is guided by a cone shaped multi-protein complex, c-tubulin ring com-

plex (cTuRC) containing c-tubulin and atleast five other c-tubulin-complex proteins (GCPs), i.e., GCP2, GCP3, GCP4,

GCP5, and GCP6. The rim of cTuRC is a ring of c-tubulin molecules that interacts, via one of its longitudinal interfaces,

with GCP2, GCP3, or GCP4 and, via other interface, with a/b2tubulin dimers recruited for the microtubule lattice forma-

tion. These interactions however, are not well understood in the absence of crystal structure of functional reconstitution of

cTuRC subunits. In this study, we elucidate the atomic interactions between c-tubulin and GCP4 through computational

techniques. We simulated two complexes of c-tubulin-GCP4 complex (we called dimer1 and dimer2) for 25 ns to obtain a

stable complex and calculated the ensemble average of binding free energies of 2158.82 and 2170.19 kcal/mol for dimer1

and 279.53 and 2101.50 kcal/mol for dimer2 using MM-PBSA and MM-GBSA methods, respectively. These highly favour-

able binding free energy values points to very robust interactions between GCP4 and c-tubulin. From the results of the

free-energy decomposition and the computational alanine scanning calculation, we identified the amino acids crucial for the

interaction of c-tubulin with GCP4, called hotspots. Furthermore, in the endeavour to identify chemical leads that might

interact at the interface of c-tubulin-GCP4 complex; we found a class of compounds based on the plant alkaloid, noscapine

that binds with high affinity in a cavity close to c-tubulin-GCP4 interface compared with previously reported compounds.

All noscapinoids displayed stable interaction throughout the simulation, however, most robust interaction was observed for

bromo-noscapine followed by noscapine and amino-noscapine. This offers a novel chemical scaffold for c-tubulin binding

drugs near c-tubulin-GCP4 interface.
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INTRODUCTION

Microtubules are hollow tube-like assemblies com-

posed primarily of heterodimers of two globular protein

subunits, a- and b- tubulin. These tubulin dimers asso-

ciate in a head to tail fashion into linear protofilaments,

13–14 of which associated laterally constitute the tubular

lattice of the microtubule. Within cells, microtubule

assembly is initiated from multiprotein complex located

at the microtubule organizing center.1 The multiprotein

complex contains a cone like g-tubulin ring complex

(gTuRC), involved in microtubule nucelation. gTuRC

itself contains 6–7 copies of smaller tetrameric g-tubulin

small complexes (gTuSCs) composed of two copies of g-

tubulin and one of each of g-tubulin-complex proteins 2

and 3 (GCP2 and GCP3).2–10 However, the crystal

structure of functional reconstitution of gTuRC subunits

and their stepwise in vitro assembly from purified com-

ponents is not yet possible. A recent 8 A� resolution

cryo-electron microscopy density map of a tetramer
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subcomplex containing two heterodimers of g-tubulin

and GCP411 is a very welcome and timely beginning to

investigate the assembly of gTuRC. Since gTuRC is cru-

cial for microtubule assembly, it may serve as excellent

targets for cancer chemotherapy as evident from the

anti-cancer compounds that promote assembly (taxanes)

or disassembly (vinca). These compounds disrupt micro-

tubule spindle and ultimately cause apoptosis.

g-tubulin is indispensible for the microtubule spindle

function in mitosis and its absence causes cell death.2,12

Recent studies have also indicated that g-tubulin might

also have a role in the regulation of microtubule dynam-

ics at the plus ends.13 Additionally, although tubulins

(a/b) are abundant proteins constituting roughly 2.5%

of the total protein in a cell, g-tubulin makes up for

<1% of the total tubulin content of the cell.4 Higher

expression of g-tubulin has been associated with preinva-

sive lesions and carcinomas of the breast and prostate

cancer, thyroid carcinomas and glioblastoma multi-

forme.14–19 Therefore, g-tubulin has a clearly high

potential of proving to be an excellent drug target for

cancer therapy. Therefore, there is intense interest in

developing promising leads that interfere with its func-

tion. There are multiple approaches to this end. For

example, using a fragment based approach combined

with biophysical screening of several small molecules;

Cala et al. (2013) identified potential g-tubulin interact-

ing agents preferably at the g-tubulin-GCP4 binding

interface.20 This approach has lead to some promising

leads, like NM87 and NM372, which we have also used

as references in our study (Fig. 1).

Advances in the crystal structures of alpha-, beta-,

and gamma-tubulins yielded a realization that the over-

all structure of g-tubulin was more similar to b-

tubulin subunit than it is to the a-tubulin subu-

nit.21–24 Because b-tubulin has a very well character-

ized drug binding cavities, one straight approach is to

explore how well these cavities are conserved in g-

tubulin structure and whether they can be used to

identify potential lead compounds that can bind these

cavities. To this end, Friesen et al. (2012) performed a

rigorous search for colchicine binding site within the

structure of g-tubulin.25 The colchicine site also

accommodates many structurally related compounds

such as podophyllotoxin and combrestatin. Not only

did they find that the colchicine site is conserved

between b-tubulin and g-tubulin, but they showed that

bacterially expressed g-tubulin binds colchicine with a

dissociation constant of 13.9 mM compared with a dis-

sociation constant of 1.1 mM with b-tubulin suggesting

that this is a good lead.25 Colchicine and podophyllo-

toxin however, have been of limited use for cancer

therapy because they are too toxic to animals at cancer

therapeutic doses. Based on the structures of colchicine,

podophyllotoxin, combrestatin like compounds, Ye

et al. (1998) identified a natural plant alkaloid nosca-

pine.26 Several higher affinity analogues (noscapinoids)

were then developed and shown to compete with the

Figure 1
Molecular structure of the compounds: Noscapine (1), Amino-noscapine (2), Bromo-noscapine (3), and two reference compounds NM87 (4) and

NM372 (5) used in the study. Both the reference compounds are previously reported to bind specifically onto the GCP4 and g-tubulin interface.
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colchicines.27 These compounds modulate microtubule

dynamics upon binding and induce apoptosis both dur-

ing mitosis and during interphase of the cell cycle.28,29

More importantly, perhaps due to milder effect on the

normal cells, they do not display major side effects due

to the disruption of hematopoiesis, hair follicles, gas-

trointestinal lining and the axonal transport and integ-

rity. For example, Phase I/II studies showed low

toxicity even at high dose of 300 mg/kg body weight.30

It will therefore be of major interest to investigate if

this class of compounds can also interact against g-

tubulin or against any of its associated g-tubulin com-

plex proteins.

In this study, we first strive to extensively use molec-

ular modelling and molecular dynamics (MD) simula-

tion techniques to investigate the precise mode of

interaction between GCP4 and g-tubulin. We than

investigated whether noscapinoids bind specifically at

the interface of g-tubulin and GCP4 proteins using

molecular docking, MD simulation and followed by

molecule mechanics Poisson Boltzmann surface area

(MM-PBSA) and Generalized Borne surface area (MM-

GBSA). Furthermore, we have used two previously

reported compounds, NM372 and NM87, which were

demonstrated to bind at the interface of g-tubulin and

GCP4 proteins20 to compare and contrast the binding

affinity of noscapinoids.

MATERIALS AND METHOD

Molecular insight between GCP4 and
c-tubulin interaction

Model building of the c–tubulin-GCP4 complex

In the absence of crystal structure of g-tubulin-GCP4

complex, we have reconstituted their dimer complex and

used in our study. A structure file consisting of atomic

coordinates of the GCP4 and g-tubulin tetramer was

obtained from Georges Czaplicki, from the Universit�e de

Toulouse, UPS, Toulouse, France. This molecular struc-

ture has not been determined using X-ray crystallography

technique and was generated as reported earlier.20 Briefly

the crystal structures of GCP4 (PDB code 3RIP) and

human g-tubulin (PDB code 3CB2) were fitted into the

8 Å cryo-electron microscopy (EM) reconstruction of the

Saccharomyces cerevisiae g-tubulin small complex (g-

TuSC)20 to obtain the tetramer complex structure of

GCP4 and g-tubulin. GCP4 was fitted remarkably well

into the g-TuSC cryo-EM structure. Some manual

adjustments were carried out in the bend angle between

the third and fourth helical bundles with relative

arrangements of N- and C-terminal domains. The miss-

ing loops in the original GCP4 crystal structure were gap

filled using the SuperLooper Web Server. Finally, a

simulation of MD for 10ns was performed to allow the

structure to relax and to adopt a preferential conforma-

tion in the complex. This tetramer complex structure of

GCP4 and g-tubulin we obtained from Georges Czaplicki

was split into two dimer complex of GCP4 and g-

tubulin (we called dimer1 and dimer2). Each of this

complex was then prepared using protein preparation

wizard (PPrep) workflow in Schrodinger package. During

protein preparation all the water molecules were

removed from the complex, missing hydrogen atoms

were added to the structure using Maestro interface (ver-

sion 9.2, Schr€odinger) and hydrogen bonds were opti-

mized. Missing side chains were filled using Prime

(version 3.0, Schrodinger, LLC). Finally, the structure was

energy minimized using Macromodel (Schrodinger). The

minimization was done with Polak-Ribiere Conjugate

Gradient algorithm. The minimization was stopped

either after 5,000 steps or after the energy gradient con-

verged below 0.001 kcal/mol.

MD simulation of GCP4 and c-tubulin complex

Both the dimer complexes of GCP4 and g-tubulin

were subjected to all atom MD simulations to verify the

stability of the complex during a long MD run of 25 ns

and also to calculate the ensemble average of binding

free energy between GCP4 and g-tubulin from the MD

trajectories. The MD simulations were performed with

the Amber 11.0 software and Ambertools 1.5.31,32 Tleap

program implemented in Amber 11 was used to assign

parameters from FF99SB force field to the molecular sys-

tem. The systems were then neutralized and solvated

using TIP3P model to finally generate the toplogy and

coordinate files.33–35 The complex of GCP4 and g-

tubulin was subjected to three consecutive rounds of

1000 step minimization employing 500 steps of steepest

descent followed by 500 steps of conjugate gradient

methods. For the first and second rounds only water

molecules were relaxed while the protein was held fixed

using force constants of 10 and 2 kcal mol21 Å22,

respectively. In the third round, the entire system was

allowed to relax without any restraint. The fully relaxed

structure was then heated to 300 K in 100 ps. The system

was subjected to density equilibration over 100 ps fol-

lowed by 500 ps of constant pressure equilibration at

300 K and 1 atm pressure with a force constant of 2

kcal mol21 Å22. A 25 ns MD simulation was carried out

on the equilibrated system using Particle Mesh Ewald

MD method using the time step of 2 fs.36,37 Through

out the simulation the Langevin thermostat was used to

regulate the temperature and the bond lengths involving

hydrogen bonds were constrained using SHAKE algo-

rithm.38 MD was carried out in an NPT ensemble using

a Berendsen barostat39 with a target pressure of 1 atm.

The structures were recoreded every 1 ps resulting in a

trajectory with 25,000 frames. All trajectories were ana-

lysed using PTRAJ program implemented in Ambertools.
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Calculation of binding free energy between GCP4 and
c-tubulin

The intermolecular binding free energy between GCP4

and g-tubulin in solvation was carried out using the con-

ventional MM-PBSA and MM-GBSA approaches using

Amber 11.40,41 A total of 500 snapshots were extracted,

every 10 ps from the last 5 ns of the MD trajectory and

used for the calculation of ensemble average of binding

free energy. The binding free energy for each snapshot

was calculated as follows.

DGbind ¼ DGcomplex– DGRec1 DGlig

� �
(1)

The free energy, G, for each molecular species was cal-

culated by the following scheme using the MM-PBSA

and MM-GBSA methods described in Amber 11:

For each molecular species, Gibbs’s free energy (G)

was calculated as follows.

G ¼ Egas1Gsol2TS (2)

where Egas is the gas phase energy calculated as the

sum of internal energy, energy generated as a result of

the electrostatic interaction and the van der Waals inter-

action. The Egas was calculated using parameters from

FF99SB force field.33,34

Egas ¼ Eint1Eele1Evdw (3)

Gsol is the solvation free energy, which was calculated

as the sum of polar and nonpolar contributions as

Gsol ¼ GPBðGBÞ1 Gsol-np (4)

where GPB(GB) is the polar solvation contribution cal-

culated by solving the PB and GB equations.

Polar interaction contribution was calculated as the

summation of electrostatic contribution and polar solva-

tion contribution.

Gele;PBðGBÞ ¼ Eele1GPBðGBÞ (5)

The nonpolar solvation contribution (Gsol-np) is

approximated as linearly dependent on the solvent acces-

sible surface area (SAS), which was determined using a

water probe radius of 1.4 Å, surface tension constant c
was set to 0.0072 kcal mol21 Å22.42

Gsol-np ¼ gSAS (6)

Dielectric constant for solute and solvent were set to 1

and 80, respectively. T and S are the temperature and the

total solute entropy.

Per residue energy contribution

To identify those residues, which play a more substan-

tial role in the binding of GCP4 with g-tubulin, energy

contribution of each amino acid in the complex was

determined. For this energy decompostion method,

implemented in Amber 11, was employed on the 500

frames extracted every 10 ps from the last 5 ns of MD

trajectory using the MM-GBSA method. The residues

contributing <23 kcal/mol were considered very signifi-

cant for the binding of GCP4 with g-tubulin and these

residues were designated as hotspot amino acids.

Alanine scanning mutagenesis

To further verify the energy contribution of these hot-

spot residues in the interaction of GCP4 and g-tubulin,

computational alanine scanning was performed. In this

method, an amino acid of interest is replaced with

Figure 2
Root mean square daviation (RMSD) and root mean square fluctuation

(RMSF) of Ca atoms of GCP4 and g-tubulin complex. A: The RMSD
of Ca atoms in the GCP4 and g-tubulin complex in dimer1 and

dimer2 over 25 ns. The relative fluctuation in the RMSD of the Ca

atoms is very small after 5000 ps, revealed that each system reaches

equilibrium at 5000 ps. B: The RMSF of Ca atoms of residues in the

GCP4 and g-tubulin complex in dimer1 and dimer2 over a period of
25 ns MD simulation. The residues with higher RMSF tend to show

more flexibility. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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alanine and absolute binding free energy is recalculated.

In our study, the hotspot residues were mutated to ala-

nine and binding free energies were calculated for the

resulting mutated system using the MM-GBSA approach

on the 500 snapshots extracted every 10 ps from the last

5 ns of MD simulation. Finally, the difference in the

binding free energies of the mutant and wild type,

DDGbind was computed as follows:

DDGbind ¼ DGbind Mutant½ �–DGbind Wild type½ � (7)

Positive values of DDGbind indicate the favourable con-

tribution while negative values indicate unfavourable

contributions.

Molecular interaction of noscapinoids onto
GCP4 and c-tubulin interfaces

Ligand preparation

The molecular structure of the lead molecule, nosca-

pine and two of its derivatives such as amino-noscapine

and bromo-noscapine 1-3 (Fig. 1) were built using

molecular builder of Maestro (version 8.5, Schrodinger

LLC). We also selected and built two compounds, NM87

and NM372 4,5 (Fig. 1) as reference compounds, which

have previously reported to bind specifically to the GCP4

and g-tubulin interface.20 All these five structures 1-5

were energy minimized in vacuo using Impact (version

5.6, Schrodinger, LLC). Appropriate bond orders were

assigned to each structure using Ligprep (version 2.4,

Schrodinger LLC) and initial optimization was per-

formed on each structure by employing OPLS 2005 force

field using default setting. Furthermore, geometrical opti-

mization of these ligands was performed in Jaguar (ver-

sion 7.7, Schrodinger, LLC) using hybrid density

functional theory with Becke’s three-parameter exchange

potential and the Lee–Yang–Parr correlation functional

(B3LYP)43,44 using basis set 3-21G* level.45–47

Molecular docking

The average structure of GCP4 and g-tubulin com-

plex was generated out of 500 snapshots extracted every

10 ps from the last 5 ns of the MD trajectory and used

in molecular docking of ligands. All possible binding

sites of GCP4 and g-tubulin complex were predicted

and analyzed using SiteMap software (version 2.4,

Schrodinger). For comparative analysis, only those bind-

ing sites which consist of at least 5 site points were

considered. Docking studies were performed using Glide

(version 4.5, Schrodinger, LLC). A grid box size of 10

Å each for the bounding and enclosing boxes were gen-

erated, placing the centroid of the predicted binding

site of the GCP4 and g-tubulin to be at the center of

Figure 3
Per residue free energy contribution of residues in the binding process
of GCP4 and g-tubulin. Free energy contribution of each residue on

the surface between GCP4 and g-tubulin involve in the interaction in
(A) dimer1 and (B) dimer2 calculated based on MM-GBSA. Only the

residues contributing free energy of <23 kcal/mol (designated as hot-

spot amino acids) are labeled in the figure. The hotspot residues
belonging to GCP4 are labeled red while those of g-tubulin are labeled

green. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

Table I
Calculated Binding Free Energy Between GCP4 and g-Tubulin

Contribution Dimer1 (kcal/mol) Dimer2 (kcal/mol)

DEINT 0.00 0.00
DEVDW 2259.46 2195.71
DEELE 2100.47 96.576
DEGAS 2359.93 299.134
DGPB 224.34 211.954
DGSOL-NP 2168.24 2115.50
DGSOLV,PB 201.11 19.601
DGELE,PB 123.87 84.621
DGbind,PBSA 2158.82 279.533
DGGB 221.44 19.075
DGSOLV,GB 189.74 22.3638
DGELE GB 120.97 115.65
DGbind,GBSA 2170.19 2101.50

Binding free energy calculated using MM-GBSA and MM-PBSA to ascertain the

strength of interaction between GCP4 and g-tubulin for both dimer1 and dimer2.

The major energy components like van der Waals, electrostatic, polar salvation,

and nonpolar solvation, contributing to the binding free energy were also

estimated.
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the grid box. The receptor-grid file was generated using

grid receptor generation program with van der Waals scal-

ing of 0.4 Å.The ligands were first docked using the

“standard precision” method and further refined using

“extra precision” Glide algorithm.48–50 Van der Waals

scaling of the ligand was set at 0.4 Å for all docking experi-

ments. Out of the 50,000 poses that were sampled, 4,000

were subjected to energy minimization using conjugate

gradients method over 1,000 steps. A total of thirty struc-

tures with lowest energy conformations were then screened

for favourable Glide docking score. Single best conforma-

tion for each ligand–protein complex was selected for fur-

ther molecular modeling calculations.

Structure preparation of docked complexes

The complexes obtained after molecular docking

required some structure preparation to make them suita-

ble for MD simulations in Amber 11. The missing

parameters for all five ligands were estimated with the

antechamber programs51 implemented in Amber 11.

AM1-BCC charge model was used to calculate the

atomic point charges.52 Missing hydrogens were added

and FF99SB forcefield was employed to assigned parame-

ters to the complex of GCP4 and g-tubulin, while GAFF

forcefield was used to assigned the parameters to each

ligand using tleap module available in Amber 11. Each

system was neutralized using sodium ions and solvated

using TIP3 water model in a truncated octahedron with

distance of at least 15 Å between the wall of the box and

the closest atom of the complex.35

MD simulation of docked complexes

The parameter for the compounds 1-5 were estimated

using antechamber program in Amber 11 simulation

Table II
Energy Decomposition

Chain Residue DEi,vdw (Kcal/mol) DEi,ele (Kcal/mol) DGi,sol GB (Kcal/mol) DGi,sol-np (Kcal/mol) DGi,bind,GB (Kcal/mol)

(a) Dimer1
GCP4 (Chain A) ASP359 20.73 18.73 224.09 20.12 26.21

GLU367 21.37 1.04 210.17 20.87 211.37
LEU404 23.67 0.13 20.63 20.81 24.98
TRP514 24.04 21.12 1.87 20.71 24.31
ARG515 24.08 292.44 86.94 20.96 210.54
TYR529 25.71 214.66 11.07 20.37 29.67
GLN532 27.65 29.68 13.13 21.21 25.41
VAL533 26.01 24.57 5.18 21.47 26.87
GLU537 23.01 21.61 24.16 20.67 29.45

g-tubulin (Chain B) ARG2 21.05 285.95 79.01 20.08 28.07
ARG46 22.36 297.03 93.56 20.81 26.64
PRO261 23.82 26.01 6.45 20.95 24.33
GLU326 22.75 30.44 230.90 20.88 24.09
ASP328 23.47 41.11 242.29 20.87 24.22
PRO329 24.74 23.98 5.00 20.50 25.52
VAL357 21.65 23.76 2.73 20.42 23.16
ARG361 21.40 268.13 61.06 20.70 29.17
TRP445 25.51 238.32 40.29 21.23 25.27

(b) Dimer2
GCP4 (Chain A) GLU367 22.06 29.60 233.69 20.58 26.73

TRP514 27.71 24.56 6.44 21.89 27.72
ARG515 23.57 280.93 82.10 21.45 23.84
ASN518 23.88 27.01 8.68 20.96 23.17
PHE522 26.70 21.61 4.40 21.89 25.79
ASN526 25.11 210.57 8.41 20.47 27.74
TYR529 26.87 25.79 7.29 22.56 27.92
TYR530 25.35 22.80 4.58 20.99 24.57
SER538 22.05 24.50 3.02 20.44 23.97

g-tubulin (Chain B) ARG46 23.50 262.16 60.89 20.78 25.55
MET248 25.14 20.71 3.27 20.95 23.52
ASN249 26.66 29.03 12.82 21.89 24.76
ILE 253 24.50 20.94 2.15 20.98 24.28
PRO263 24.49 1.08 20.30 20.37 24.08
PRO329 23.95 22.72 3.11 20.76 24.32
HIS333 24.52 210.64 9.71 21.25 26.69
ARG361 22.66 275.22 69.56 20.85 29.16
TYR442 21.63 28.70 6.21 20.24 24.36

Decomposition of calculated DGbind,GB (kcal/mol) on per residue basis into van der Waals, electrostatic, polar solvation and nonpolar solvation energy components for

the hotspot amino acids. Those amino acids which contributed<23 kcal/mol to the binding free energy of GCP4 and g-tubulin complex were considered as hotspot

amino acids.
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package. All the docked complexes were subjected to

three rounds of minimization followed by heating, den-

sity equilibration and pressure equilibration. The equili-

brated structure was then MD simulated for 10 ns.

Similar methods, parameters and the constraints were

used as described above for the MD simulation of GCP4

and g-tubulin complex. The structures were recoreded

every 1 ps resulting in a trajectory with 10,000 frames.

Calculation of binding free energy of docked complexes

The calculation of binding free energy between the

ligands and the complex of GCP4 and g-tubulin was car-

ried out using the MM-GBSA and MM-PBSA method.

Similar scoring sheme was used for the calculation of

binding free energy as described above between GCP4

and g-tubulin. Binding free energy of ligands with the

complex of GCP4 and g-tubulin was calculated as the

ensemble average of the binding free energy from a total

of 500 snapshots, extracted every 10 ps from the last 5

ns of simulation out of 10 ns of MD run.

Decomposition of ligand-residue interaction of docked
complexes

The energy contribution of each residue in docked

complex was estimated using the MM-GBSA decomposi-

tion process in Amber 11.0 over the 500 frames obtained

every 10 ps from the last 5 ns of simulation out of 10 ns

of MD run. The binding free energy of each ligand-

residue pair includes three energy terms: the van der

Waals contribution (DEvdw), the electrostatic contribution

(DEele) and the solvation contribution (DEsol). All the

energy components are calculated using the same frames

obtained from MD trajectories that were used for calcu-

lation of binding free energy of ligands with the complex

of GCP4 and g-tubulin.

RESULTS AND DISCUSSIONS

Structural stabilities of the complex of
GCP4 and c-tubulin from MD simulations

The complexes (dimer1 and dimer2) of GCP4 and g-

tubulin were simulated for 25 ns to monitor the stabil-

ity of the system during a long run of MD simulation.

The equilibration of the MD trajectories was monitored

based on the convergence of plots of root mean square

deviations (RMSD) of Ca carbon atoms. As can be seen

from Figure 2(A), the relative fluctuation in the RMSD

of Ca carbon atoms (Ca-rmsd) is very small after

equilibration 5 ns of simulation. The overall RMSD

ranges from 0 to 3.5 Å. Furthermore, root mean square

fluctuations (RMSF) of Ca-atoms were also calculated

for both dimer1 and dimer2 to find any changes in the

residue flexibilities. The RMSF values were plotted

against residue numbers as shown in Figure 2(B). The

Figure 4
Spatial distribution of hotspot residues at the binding interface. Hotspot residues involve in the binding process of GCP4 and g-tubulin at the
interface in the dimer1 (A) and dimer2 (B) are represented in the three dimensional space model of the complex. The hotspot residues contribut-

ing free energy of <25 kcal/mol are marked red, while the residues contributing free energy in between 23 and 25 kcal/mol are marked blue. In
total 18 residues each on the surface of GCP4 and g-tubulin involve in the binding process in both dimer1 and dimer2. However, the residues are

albeit different between both the dimers. This is the reason that the predictive binding free energies between both the dimers are different. The
binding free energy between GCP4 and g-tubulin calculated in dimer1 is much higher (2170.19 and 2158.82 kcal/mol) compared with dimer2

(2101.50 and 279.533 kcal/mol) based on both MM-PBSA and MM-GBSA methods, respectively. The difference in binding free energy is mostly

due to the fact that the interfacial region is rich in flexible loops, whose extents are different in both the dimers. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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residues with higher RMSF tend to show more flexibil-

ity. From the structural analysis, we can see that both

the complexes are stable during the monitored MD

simulation.

Analysis of calculated binding free energy
between GCP4 and c-tubulin

The binding free energies and their components

between GCP4 and g-tubulin were calculated independ-

ently for both dimer1 and dimer2 and presented in Table

I. We have considered last 500 frames from the last 5 ns

of trajectory out of 25 ns MD simulation run to calculate

the ensemble average of the free energy of binding using

both MM-GBSA and MM-PBSA methods. The results

obtained from both the methods suggested very robust

interactions between the GCP4 and g-tubulin, essentially

driven by the nonpolar forces. The mean values of the

binding free energies (DGbind) based on MM-GBSA

method are 2170.19 and 2101.50 kcal/mol, respectively,

for both dimer1 and dimer2. In contrary the DGbind

based on MM-PBSA are estimated to be 2158.82 kcal/

mol for dimer1 and 279.533 kcal/mol for dimer2.

Hence, there is a difference of 11.37 kcal/mol for dimer1

and 21.97 kcal/mol for dimer2 between the two methods.

This derives from the difference in calculation of the

contribution to the polar solvation energy, which is

Figure 5
Polar and nonpolar energy contribution of hotspot residues. The
decomposition of total energy contributions into polar and nonpolar

energy components of hotspot amino acids in the binding process of
GCP4 and g-tubulin in dimer1 (A) and dimer2 (B). For both GCP4

and g-tubulin the hotspot amino acids make considerable nonpolar sol-
vation contributions compared with the polar contributions. Polar

interactions were calculated as sum of electrostatic (DEi,ele) and polar

solvation (DGi,sol,GB) energy components while the nonpolar interac-
tions were calculated as sum of van der waals (DEi,vdw) and nonpolar

solvation component (DGi,sol-np). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Table III
DDGbind for Hotspot Amino Acids

Chain Residue
DDGbind

(MM-GBSA)
DDGbind

(MM-PBSA)

(a) Dimer1
GCP4 (Chain A) ASP359 12.32 28.02

GLU367 32.62 40.53
LEU404 3.09 2.18
TRP514 6.28 6.04
ARG515 15.54 14.60
TYR529 6.45 3.34
GLN532 5.26 7.62
VAL533 3.84 5.25
GLU537 19.69 23.41

g-Tubulin (Chain B) ARG2 16.98 31.94
ARG46 17.05 27.51
PRO261 1.68 1.41
GLU326 2.97 4.31
ASP328 21.10 22.04
PRO329 2.98 1.21
VAL357 .51 0.81
ARG361 16.23 16.25
TRP445 2.51 1.62

(b) Dimer2
GCP4 (Chain A) GLU367 17.01 24.21

TRP514 11.01 10.12
ARG515 9.15 10.67
ASN518 5.26 4.56
PHE522 8.48 4.82
ASN526 6.85 6.15
TYR529 11.56 8.45
TYR530 9.48 2.95
SER538 4.76 5.12

g-Tubulin (Chain B) ARG46 10.41 12.33
MET248 5.51 7.03
ASN249 4.26 9.64
ILE 253 2.82 0.95
PRO263 2.23 3.41
PRO329 3.82 5.95
HIS333 10.16 8.86
ARG361 9.12 10.47
TYR442 3.78 1.93

Computational alanine scanning mutagenesis was carried for all the 36 hotspot

amino acids between GCP4 and g-tubulin for both dimer1 and dimer2. Those

amino acid residues, which contributed<23 kcal/mol to the binding free energy

of GCP4 and g-tubulin complex, were mutated to alanine, one by one, to deter-

mine DDGbind. DDGbind was calculated as DGmutant 2 DGwild type.
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higher in the MM-PBSA calculation (201.11 and 19.601

kcal/mol) compared with MM-GBSA (189.74 and

22.364 kcal/mol) among both the dimers. Similarly the

net difference in binding free energy between dimer1 and

dimer2 of GCP4 and g-tubulin complex was mostly due

to the fact that the interfacial region is rich in flexible

loops, whose extents are different in both the dimers.

Very robust van der Waals (DEVDW) interactions, to the

magnitude of 2259.46 and 2195.71 kcal/mol were

observed for dimer1 and dimer2, respectively. The net

polar component [DG(ele, PB/GB) 5 DEele 1 DG(PB/GB)] was

observed to be unfavourable in the interaction between

GCP4 and g-tubulin among both the dimers (Table I).

The unfavorable polar contributions were observed to

overcome with highly favorable nonpolar components

(DEvdw 1 DGsol-np) among both the dimers. Interactions

between GCP4 and g-tubulin seem to be steered by non-

polar component. This can be explained by the tendency

of the nonpolar residues to readily bury themselves in

the hydrophobic pockets and displace water.

Per residue energy contribution to the binding free energy

Energy contribution of each residue in the g-tubulin-

GCP4 complex among both dimer1 and dimer2 was cal-

culated using the MM-GBSA method to investigate the

details of protein-protein interactions at the atomic level

and plotted in Figure 3. In contrast, the decomposition

of binding free energy calculated on the basis of MM-

PBSA into per residue basis was not so far possble

because PB nonpolar solvation energies are currently not

decomposable using Amber simulation package. Similar

studies have been reported earlier in the insulin dimer,53

TCR-p-MHC,54 Ras-Raf, and Ras-RalGDS55 complexes

and g-g tubulin dimers.56 The results from these studies

demonstrated good correlations between the calculated

per residue binding free energy and the experimental

binding free energies differences for the alanine mutants.

Toward this end the predictive binding energy

(DGbind,GB) between GCP4 and g-tubulin was decom-

posed into contributions from the residues of the two

partners. We identified 18 hotspot amino acids that have

the highest impact (per residue contribution <23 kcal/

mol) on the GCP4 and g-tubulin interaction (Fig. 3).

The detailed energy components are included in Table II

and the spatial distributions of these hotspots at the

binding interface between GCP4 and g-tubulin are

shown in Figure 4 for both the dimers. As shown in Fig-

ure 3(A), for dimer1, seven amino acids (Asp359,

Glu367, Arg515, Tyr529, Glu537, Gln532, and Val533) on

the surface of GCP4 and five amino acids (Arg2, Arg46,

Pro329, Arg361, and Trp445) on the surface of g-tubulin

make greater contributions to the binding of GCP4 and

g-tubulin, each yielding <25 kcal/mol of binding free

energy. In addition, two amino acids (Leu404 and

Trp514) from GCP4 and four amino acids (Pro261,

Glu326, Asp328, and Val357) from g-tubulin have

Figure 6
Predicted binding sites. g-tubulin-GCP4 tetramer showing noscapinoid

binding site 1 and binding site 2. Both the binding sites, marked as
spheres, lie at the interface of g-tubulin-GCP4 complex. [Color figure

can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]

Table IV
Glide Docking Scores

Ligand
Glide
evdw

Glide
ecoul

Glide
Emodel

Glide
energy XPGScore

A: Site 1
Noscapine 222.72 24.34 231.95 227.06 27.59
Amino 29.18 24.95 40.25 214.13 27.56
Bromo 226.88 25.67 244.30 232.55 29.08
NM87 223.46 22.68 231.04 226.13 26.74
NM372 237.18 210.93 269.51 248.11 27.28
B: Site 2
Noscapine 238.25 28.17 253.86 246.41 26.83
Amino 227.64 211.70 251.58 239.34 26.73
Bromo 238.84 210.11 247.14 248.95 29.19
NM87 224.69 24.28 236.71 228.97 26.66
NM372 236.61 27.20 263.52 243.82 27.70

After predicting the binding sites, extra-precision docking was performed using

Glide XP dock protocol implemented in Schrodinger package. XPGscore (kcal/mol)

of noscapenoids (noscapine, amino-noscapine, bromo-noscapine) and the refer-

ence compounds (NM87 and NM372) with GCP4 and g-tubulin heterodimer are

presented in the table. Noscapinoids showed better docking score compared to

the reference molecules, NM87 and NM372.
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considerable energy contributions to the binding process

of GCP4 and g-tubulin, each yielding between 23 and

25 kcal/mol of free energy. Contrastingly for dimer2

albite different amino acids shown to contribute in the

interaction betwen GCP4 and g-tubulin. As shown in

Figure 3(B), five residues (Glu367, Trp514, Phe522,

Tyr529, and Asn526) on the surface of GCP4 and three

amino acids (Arg46, His333, Arg361) on the surface of

g-tubulin make larger contribution of <25 kcal/mol

each in the binding process. In addition, four amino

acids (Arg515, Asn518, Tyr530, and Ser538) of GCP4

and six amino acids (Met248, Asn249, Ile253, Pro263,

Pro329, and Arg442) of g-tubulin contributed binding

free energy of 23 to 25 kcal/mol in the binding pro-

cess. The mismatches in some of the hotspot amino

acids between both the dimer is due to the fact that the

interfacial region is rich in flexible loops, whose extents

are different in both the dimers. For example, examina-

tion of the structure of the two contact regions reveals

that the helix composed of 15 residues (328 2 342) in

dimer2, whereas only 8 residues long (335 2 342) in

dimer1. However, all the predicted hotspots between

both the dimers were observed to lie at the interface of

g-tubulin-GCP4 complex (Fig. 4). Furthermore, to deter-

mine the detailed contribution of each hotspot amino

acids, the total binding free energy was further decom-

posed into various energy components like van der

Waals, electrostatic, polar salvation, and nonpolar solva-

tion (Table III). The results reveals that most of the

important amino acids for both GCP4 and g-tubulin

make considerable van der Waals and nonpolar solvation

contributions compared with the polar contributions

(Fig. 5).

To further verify the individual contribution of the

hotspot amino acids identified above to binding free

energy between GCP4 and g-tubulin interactions we

performed computational alanine scanning. The method

proposes to mutate the amino acids of interest, one by

one to alanine and recalculate the binding free energy

of the mutant using MM-PBSA and MM-GBSA meth-

ods and compared with the wild type. It also reveals

that a minute local change in the protein does not

affect the overall conformation of the protein-protein

complex. The results of the computational alanine scan-

ning of the amino acids contributed significantly in the

interaction of GCP4 and g-tubulin is included in Table

III. The results obtained by the decomposition of the

binding energy and computational alanine scanning

were found to be quite consistent and this indicates the

reliability of our analysis. After performing computa-

tional alanine scanning for hotspots, a substantial

decrease in the binding free energy was observed. The

mutation to alanine led to a decrease in binding energy

for each hotspot amino acid at least by 0.51 kcal/mol

in dimer1 and 2.23 kcal/mol in dimer2 using the MM-

GBSA method, while by using the MM-PBSA method

Figure 7
Root mean square daviation (RMSD) and root mean square fluctuation
(RMSF) of Ca atoms of GCP4 and g-tubulin complex in the bound

form with ligands. The root mean square deviations (RMSD) of Ca

atoms in dimer1 (A) and dimer2 (B) in the bound form with different

ligands (noscapine, amino-noscapine, bromo-noscapine, NM87, and

NM372) during the entire duration of MD simulation. The relative
fluctuation in the RMSD of the Ca atoms is very small after 4000 ps,

revealed that each system reaches equilibrium at 4000 ps. RMSF of resi-
dues in the complex of GCP4 and g-tubulin in dimer1 (C) and dimer2

(D) in the bound form with different ligands (noscapine, amino-
noscapine, bromo-noscapine, NM87, and NM372) during the entire

duration of MD simulation. The residues with higher RMSF tend to

show more flexibility. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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the minimum drop in binding free energy was 0.81

kcal/mol in dimer1 and 0.95 kcal/mol in dimer2,

thereby reducing the strength of g-tubulin-GCP4

interaction. This reiterates that the hotspot amino acids

identified in the interaction between g-tubulin-GCP4

are very crucial.

Figure 8
Binding modes of noscapinoids. A: Noscapinoids (Noscapine, Amino-Noscapine, and Bromo-Noscapine) docked into dimer1 and dimer2. The

zoomed views show the binding modes of the noscapinoids alone. The residues that show contribution of more than 1 kcal/mol to the binding

affinity are labeled green for g-tubulin and orange for GCP4. Binding modes of Reference molecules. B: Both the reference molecules (NM 87 and
NM 372) docked into dimer1 and dimer2. The zoomed views show the binding modes of the reference molecules. The residues that show contribu-

tion of more than 1 kcal/mol to the binding affinity are labeled green for g-tubulin and orange for GCP4.
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Figure 9
2-D ligplot of noscapinoids. A: A 2-D representation of the binding mode of noscapinoids (Noscapine, Amino-Noscapine, and Bromo-Noscapine)
with the complex of GCP4 and g-tubulin. In the images “A” denotes the residues of GCP4 and “B” denotes the residues of g-tubulin. 2-D ligplot

of reference molecules. B: A 2-D representation of the binding mode of reference compounds (NM87 and NM372) with the complex of GCP4 and
g-tubulin. In the images “A” denotes the residues of GCP4 and “B” denotes the residues of g-tubulin. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Interaction of compounds 1–5 with the
complex of GCP4 and c-tubulin

Molecular docking

We have adapted blind docking approach to predict

the probable site of interaction of noscapinoids (nosca-

pine, amino-noscapine, and bromo-noscapine that were

reported to have anticancer activities) with the GCP4

and g-tubulin complex in the absence of cocrystal struc-

ture. In this approach, we initially predicted all the bind-

ing sites of GCP4 and g-tubulin complex, which consists

of at least 5 site points per reported site using sitemap

program of Schrodinger package for molecular docking

evaluation of binding sites. All these sites along with

their various physicochemical properties are included in

Supporting Information Table S1. The probable site of

interaction of noscapinoids onto GCP4 and g-tubulin

complex was screened out based on docking score. As

mentioned in Supporting Information Table S2, all the

molecules 1–5 shown better docking score with site 1

(belongs to dimer1) and site 2 (belongs to dimer2) were

selected. The spatial localization of both site 1 and site 2

in the GCP4 and g-tubulin complex is represented in

Figure 6. As shown in figure, both the sites are located at

the g-tubulin surface that is juxtaposed wth its binding

interface with GCP4. Eventually, both the binding sites

turned out to be consistent with the experimentally

determined binding site reported previously by Cala

et al. (2013).19 Cala et al. also screened 20 molecules

and experimentally tested their binding affinity. We used

two molecules from this study, NM87 and NM372 as ref-

erence, along with three noscapinoids and docked into

both the binding sites in a single experiment. Surpris-

ingly, all the noscapinoids showed better docking scores

compared with the reference molecules (Table IV), dem-

onstrating the possibility of interactions of noscapinoids

at the interface of GCP4 and g-tubulin complex. Molec-

ular docking methods are widely used by pharmaceutical

industries to study drug-target interactions to understand

the basic electronic/steric features required for therapeu-

tic action and to design new drug candidates with

improved activities. These docking calculations provide

insight into interactions of noscaponoids with the GCP4

and g-tubulin complex.

Determination of binding mode of
compounds 1–5 with GCP4 and c-tubulin
complex

Although computationally demanding, we determined

the preferential binding mode of compounds 1-5 at the

interface of GCP4 and g-tubulin complex by MD simu-

lations. Toward this end the complexes obtained after

molecular docking were simulated for 10 ns to obtain a

total of 10,000 frames. The stability of the system was

monitored by means of RMSD of Ca-atoms during the

entire duration of simulation as shown in Figure 7(A,B)

for both the dimers. The RMSD of all the complexes

reaches equilibrium at 4000 ps and after that the RMSDs

of atoms oscillated between 2-4 Å. Furthermore, the local

protein mobility was analysed by calculating the time

averaged RMSF values in free and bound form of GCP4

and g-tubulin complexes with compounds 1–5. The

RMSF values were plotted against residue numbers based

Figure 10
Calculated binding free energy of compounds 1 2 5. The calculated binding free energy for each of the compounds; Noscapine, Amino-Noscapine,

Bromo-Noscapine, and the reference molecules NM87 and NM372 with (A) dimer1 and (B) dimer2 of GCP4 and g-tubulin using MM-PBSA and
MM_GBSA methods. The noscapinoids showed improved in binding free energy compared to the previously reported both the reference com-

pounds, indicate the possibility of binding of noscapinoids at the interface of GCP4 and g-tubulin. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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on the 10,000 ps trajectory as shown in Figure 7(C,D)

for both the dimers. The profiles of atomic fluctuations

were found to be very similar for all the compounds 1–

5. The compounds 1–5 were observed to dock into the

GCP4 and g-tubulin complex throughout the 10 ns sim-

ulation. Specifically the MD simulation makes an impor-

tant contribution to understand the effect of binding of

compounds 1–5 on conformational changes of GCP4

and g-tubulin complex and the stability of protein-

ligand system in aqueous solution. The average structure

of docked complexes of compounds 1–5 with g-tubulin-

GCP4 complex was generated out of 500 frames obtained

every 10 ps from the last 5 ns of MD trajectory and was

used to elucidate the binding mode and ligplot analysis.

The binding mode of 1–5 involves interactions of the

compounds with both GCP4 and g-tubulin at sites

reported earlier20 and are well accomodated inside the

binding cavity [Fig. 8(A,B)]. The binding mode of

ligands with the protein complex was represented in two

steps: (a) receptor residues that have strong interactions

with the ligand, such as a favourable hydrogen-bonding

interactions, and (b) receptor residues that are close to

the ligand, but whose interactions with the ligand are

weak or diffuse, such as hydrophobic interaction. The

differential mode of interactions of compounds 1–5 with

the residues of GCP4 and g-tubulin complex are repre-

sented in the Ligplot [Fig. 9(A,B)]. As seen in the figure

several hydrogen bonds and hydrophobic interactions are

involved in their binding.

Binding free energy of compounds 1–5 with the complex
of GCP4 and c-tubulin

Binding free energies of noscapinoids (noscapine,

amino-noscapine, and bromo-noscapine) and the refer-

ence molecules (NM372 and NM87) with dimer1 and

dimer2 of GCP4 and g-tubulin were calculated using the

MM-PBSA and MM-GBSA approach. The predictive

binding free energy comes out to be even better for the

noscapinoids compared with the reference molecules

based on both MM-GBSA and MM-PBSA methods (Fig.

10). The binding free energy of compounds 1–5 and the

respective energy components are include in Table V. For

all complexes, the binding energy was decomposed into

its various energy components (the electrostatic, van der

Waals and solvation). Both van der Waals (DEVDW) and

the electrostatic component (DEELE) were observed to

make very significant contributions to the free energy of

binding. However, the net polar contribution [DG(ele,PB/

GB) 5 DEele 1 DG(PB/GB)] was rendered unfavorable due

to very large penalty imposed by the desolvation compo-

nent (DGPB/GB) while the net nonpolar component

(DEvdw) and (DGsol-np) were observed to make highly

favourable contribution to the binding free energy (Fig.

11). On analyzing the energy contribution of each resi-

due in the complex, Tyr247 and Arg361 of g- tubulin

were observed to make significant contribution to the

binding of ligands for all the complexes. Ligplot analysis

also illustrates strong interaction of Arg361 of g-tubulin

with all the three drug molecules in both the complexes,

mostly through H-bond formation (Fig. 9). It is our

hope that the results presented here provide new grounds

for further investigations of the therapeutic potential of

noscapinoids against microtubule-nucleating g-tubulin

complexes.

CONCLUSION

This computational study provides insights into the

interactions between GCP4 and g-tubulin in two differ-

ent conformations using MD to calculate the binding

free energy of binding in solvation and identifying key

residues participating in the interactions. Further the

complexes were subjected to molecular docking with

potential anticancer drug, noscapinoid and two of its

derivatives amino-noscapine and bromo-noscapine. The

binding modes of the three noscapinoids with the GCP4

and g-tubulin dimers were further illustrated using MD

simulation and binding free energy calculations. All three

drugs lodged themselves in the pockets located very close

Table V
Binding Free Energy

Contribution Noscapine
Amino-

Noscapine
Bromo-

Noscapine NM87 NM372

(a) Dimer1
DEINT 0.00 0.00 0.00 0.00 0.00
DEVDW 252.03 248.94 255.48 V24.84 251.34
DEELE 2220.92 2204.21 2236.13 218.49 239.05
DEGAS/DE MM 2272.94 2253.12 2291.60 243.33 2.00
DGPB 253.49 236.72 263.75 29.04 70.75
DGSOL-NP 24.15 24.09 23.99 21.67 23.86
DGSOLV,PB 249.35 232.62 259.77 27.37 66.90
DGELE,PB 32.57 32.51 27.62 10.56 31.71
DGbind,PB 223.60 220.50 231.83 215.95 223.50
GGB 236.89 223.22 250.54 24.71 59.03
GSOLV,GB 231.25 217.73 244.87 21.56 52.63
GELE GB 15.97 19.01 14.41 6.22 19.98
DGbind, GB 241.69 235.40 246.73 221.76 237.76
DEINT 0.00 0.00 0.00 0.00 0.00
DEVDW 246.95 234.61 252.03 229.52 240.22
DEELE 2226.88 2230.12 2234.78 219.60 227.18
DEGAS/DE MM 2273.81 2264.70 2286.80 249.12 267.40
DGPB 261.34 247.50 271.30 34.56 48.28
DGSOL2NP 24.02 22.67 23.88 21.92 23.84
DGSOLV,PB 257.32 244.83 267.43 32.64 44.44
DGELE,PB 34.46 17.38 36.52 14.95 21.10
DGbind,PB 216.50 219.87 219.37 216.49 222.96
GGB 246.27 246.38 251.66 30.49 42.92
GSOLV,GB 241.00 242.87 246.35 27.06 37.36
GELE GB 19.39 16.26 16.88 10.89 15.75
DGbind, GB 232.82 221.84 240.45 222.07 230.04

Binding affinity of drugs with GCP4 and g-tubulin complex was calculated using

MM-GBSA/MM-PBSA methods. Binding free energy (kcal/mol) and the respec-

tive energy components of compounds 125 binding to GCP4 and g-tubulin

dimers are given in the table below.
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Figure 11
Energy contributions of hotspot amino acids. Nonpolar, polar as well as total energy contributions of the amino acid residues that contribute
most to the stability of the protein ligand complex. Polar interactions were calculated as sum of electrostatic (DEi,ele) and polar solvation

(DGi,sol,GB) energy components while the nonpolar interactions were calculated as sum of van der Waals (DEi,vdw) and nonpolar solvation com-
ponent (DGi,sol-np). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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to the binding interface of the GCP4 and g-tubulin. The

molecular interaction of all the three drugs are leveraged

more toward g-tubulin. The binding modes of noscapine

and bromo-noscapine are quite similar with both the

drugs showing strong interaction with Tyr247, Pro329,

Leu359, Ser360, and Arg361 of g-tubulin in dimer1.

Both drugs also displayed similar interactions with

Tyr244, Leu359, and Arg361 in dimer2. Pro329 and

Arg361 are also two important identified hotspot amino

acids in the interaction of GCP4 and g-tubulin. We also

observe that in almost all complexes the drug makes H-

bond with Arg361. Therefore, if these drugs can interfere

with a subset of the hotspot amino acids they might be

able to perturb some of the interactions between GCP4

and g-tubulin and further destabilize the gTuRC. Never-

theless, our results offer noscapinoids an important pos-

sible chemical framework for the further design of more

potent compounds.
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