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γ-tubulin plays crucial role in the nucleation and organization of microtubules during cell
division. Recent studies have also indicated its role in the regulation of microtubule
dynamics at the plus end of the microtubules. Moreover, γ-tubulin has been found to be
over-expressed in many cancer types, such as carcinomas of the breast and glioblastoma
multiforme. These studies have led to immense interest in the identification of chemical
leads that might interact with γ-tubulin and disrupt its function in order to explore γ-tubulin
as potential chemotherapeutic target. Recently a colchicine-interacting cavity was identified
at the interface of γ-tubulin dimer that might also interact with other similar compounds. In
the same direction we theoretically investigated binding of a class of compounds, noscapi-
noids (noscapine and its derivatives) at the interface of the γ-tubulin dimer. Molecular
interaction of noscapine and two of its derivatives, amino-noscapine and bromo-noscapine,
was investigated by molecular docking, molecular dynamics simulation and binding free
energy calculation. All noscapinoids displayed stable interaction throughout simulation of
25 ns. The predictive binding free energy (ΔGbind) indicates that noscapinoids bind strongly
with the γ-tubulin dimer. However, bromo-noscapine showed the best binding affinity
(ΔGbind = –37.6 kcal/mol) followed by noscapine (ΔGbind = –29.85 kcal/mol) and amino-
noscapine (ΔGbind = –23.99 kcal/mol) using the MM-PBSA method. Similarly using the
MM-GBSA method, bromo-noscapine showed highest binding affinity (ΔGbind = –43.64
kcal/mol) followed by amino-noscapine (ΔGbind = –37.56 kcal/mol) and noscapine (ΔGbind

= –34.57 kcal/mol). The results thus generate compelling evidence that these noscapinoids
may hold great potential for preclinical and clinical evaluation.

Keywords: γ-tubulin; noscapine; noscapinoids; molecular docking; molecular dynamics;
free energy calculation; MM-PBSA; MM-GBSA

1. Introduction

γ-tubulin is an essential component of the microtubule organization centre (MTOC). It is
known to interact with the minus end of microtubules and found to be localized at the centro-
some. It plays an extremely crucial role in the nucleation and organization of microtubules
[1,2]. At the MTOC, γ-tubulin forms complexes with other proteins to form γ-tubulin small
complex (γTuSC, around 280 kDa) that comprises two molecules of γ-tubulin and one mole-
cule each of GCP (γ-tubulin complex protein) 2 and 3. These proteins structurally associate to
form a flexible Y-shaped structure with γ-tubulins located on the two arms. Furthermore, 5–7
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γTuSCs associate together to form the larger cone-shaped complex known as γ-tubulin-ring
complex (γTuRC), in association with GCP4, GCP5 and GCP6 [3–9] in which γ-tubulin forms
the rim. Within γTuRC, γ-tubulin interacts directly via one of its longitudinal interfaces with
the minus end of microtubules and via the other longitudinal interface with the GCPs (GCP2,
GCP3, GCP4). Further, the γ-tubulin interacts laterally with another γ-tubulin.

Many drugs that are currently administered as chemotherapeutic regimes, such as
paclitaxel derivatives and vinca-alkaloids, bind to α/β tubulin and target mitotic spindle
dynamics [10]. However, these drugs are plagued with many drawbacks, such as development
of multi-drug resistance over time, which often leave patients with more aggressive tumours
and side effects. Indiscriminate and prolonged use of microtubule-targeting drugs affects nor-
mal rapidly dividing cells like those of the hair follicles and intestinal lining, causing hair loss
and nausea. These drawbacks call for continuous progressive research to identify newer drugs
with no or negligible side effects.

In recent studies γ-tubulin has been found to be over-expressed in pre-invasive lesions,
carcinomas of the breast and glioblastoma multiforme [11–14]. Since γ-tubulin over-expression
is associated with tumour progression, a potent inhibitor of γ-tubulin would possibly halt mito-
sis in cancer cells. In the endeavour to explore if noscapine and its potential derivatives could
bind at the interface and disrupt the γ-γ-tubulin lateral interactions, we studied probable bind-
ing interaction of noscapine, amino-noscapine and bromo-noscapine with the γ-tubulin homod-
imer. To achieve this, we first prepared the structure of the γ-tubulin homodimer and ligands.
We then performed molecular docking to obtain the protein–ligand complexes, which were
then simulated for 25 ns. We predicted the binding affinity between the γ-tubulin homodimer
and ligands using the Molecular Mechanics/Poisson Boltzmann Surface Area (MM/PBSA) and
the Molecular Mechanics/Generalized Born Surface Area (MM/GBSA). Both MM/PBSA and
the MM/GBSA methods are employed to calculate binding free energies for macromolecules
by combining molecular mechanics calculations and continuum solvation models. Both these
methods have been widely used to calculate binding affinities [15–17].

2. Materials and methods

2.1 Protein structure preparation

The co-ordinates of the γ-tubulin dimer (PDB ID: 3CB2, Resolution 2.3 Å) were obtained
from the Protein Data Bank. Minor errors in the crystal structure were corrected as reported
previously [18]. Briefly, the 14 non-terminal missing amino acids were filled based on multi-
ple template homology modelling using the structure of 3CB2 (Chain A), 2Q1F (Chain A)
and 2D2M (Chain D) as templates. The missing side chains in the modelled structure were
incorporated using Prime (version 3.0, Schrodinger) followed by MD simulation for 25 ns.
An average structure was generated using the last 1500 frames from the total of 2500 frames
generated every 10 ps.

2.2 Ligand preparation

The molecular structure of noscapine and two of its derivatives, amino-noscapine and
bromo-noscapine 1–3 (Figure 1), were built by sketching the molecules and converting them
to their 3D representation using molecular builder of Maestro (version 8.5, Schrodinger
LLC). In vacuo energy minimization was performed on all the three structures by means of
molecular mechanics force field (OPLS 2005) with default setting using Impact (version 5.6,
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Schrodinger, LLC). Appropriate bond orders were assigned to each structure using Ligprep
(version 2.4, Schrodinger LLC). Ligprep is a utility tool of the Schrodinger software suite that
combines tools for searching for tautomers and steric isomers and performs optimization of
ligands. All the ligands were minimized with the help of the OPLS 2005 force field with
default options of 32 stereo isomers, tautomers and ionization at biological pH 7±2. Further-
more, complete geometrical optimization of these ligands was performed in Jaguar (version
7.7, Schrodinger, LLC) using hybrid density functional theory with Becke’s three-parameter
exchange potential and the Lee–Yang–Parr correlation functional [19,20] using basis set
3-21G* level [21–23].

2.3 Molecular docking

After ensuring that protein and ligands were in correct form, molecular docking of the
optimized ligands onto the γ-tubulin dimer was performed using Glide (version 4.5, Schrodin-
ger, LLC). We adapted a blind docking approach, in which all the possible binding sites of
the γ-tubulin dimer were predicted based on SiteMap (version 2.4, Schrodinger) [24] and used
for molecular docking of ligands. SiteMap uses Goodford’s grid algorithm to define a binding
site with a set of site points [25]. For comparative analyses, only those binding sites which
consist of at least five site points were considered. The best way to understand the noscapi-
noid binding site is to obtain a co-crystal structure with tubulin, which is not yet possible.
The physicochemical properties of the predicted binding sites are included in Table 1. The
receptor-grid file was generated using a grid receptor generation program with van der Waals
scaling of 0.4 Å. A grid box size of 10 Å each for the bounding and enclosing boxes was
generated at the centroid of the predicted binding sites. The ligands were docked into the
binding site first using the “standard precision” method and further refined using “extra preci-
sion” Glide algorithm [22–24]. For the ligand docking stage, a scale factor of 0.4 for van der
Waals radii was applied to atoms of protein with absolute partial charges less than or equal to
0.25. Out of the 10,000 poses that were sampled, 1000 were taken through minimization
(conjugate gradient) and the 30 structures having the lowest energy conformations were fur-
ther evaluated for a favourable Glide docking score. The binding site located at the interface
of the γ-tubulin dimer with better docking score with all the ligands was selected as the puta-
tive binding site. The single best conformation for each ligand–protein complex was selected
for further molecular modelling calculations.

Figure 1. Molecular structure of ligands: noscapine (1), amino-noscapine (2) and bromo-noscapine (3).
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2.4 Molecular dynamics simulation and binding affinity calculation

The protein–ligand complexes obtained after molecular docking were then simulated for 25
ns in Amber 11. Before simulation, the missing parameters for all three ligands were esti-
mated with the antechamber program [26] implemented in Amber 11. The AM1-BCC charge
model was used to calculate the atomic point charges [27]. Missing hydrogens were added
and the FF99SB forcefield was employed to assigned parameters to the complex of GCP4
and γ-tubulin, while the 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 [28].

Each protein–ligand system was subjected to three consecutive rounds of energy minimiza-
tion to relax the molecular system and to remove bad contacts, using a time step of 2 fs for
2000 steps. Positions restraints of 10 kcal-1Å-2 and 2 kcal-1Å-2 were imposed on the protein sys-
tem for the first and the second rounds, respectively, to allow relaxation of solvent molecules.
No restraints were imposed in the third round. The minimized systems were gradually heated
from 0 to 300 K. The molecular systems were then equilibrated for 500 ps at 300 K and 1 atm
pressure. After all the thermodynamic properties were stabilized, the molecular system was
simulated for 25 ns with a time step of 2fs. Throughout the simulation, temperature was regu-
lated using the Langevin thermostat. The electrostatic interactions were calculated using the
Particle Mesh Ewald [29,30] method, while the bonds were constrained using the Shake algo-
rithm [31]. The non-bonded cut-off distance was kept at 10 Å. Co-ordinates were written to the
trajectory file every 10 ps. A total of 2500 frames were obtained after 25 ns simulation. All tra-
jectories were analysed using the PTRAJ program implemented in Ambertools [32].

Binding affinity of noscapinoids at the γ-γ-tubulin binding interface was then calculated
using MM-PBSA and MM-GBSA methods [15,33]. Free energy of binding was calculated as
the ensemble average of the binding free energy of a total of 1500 snapshots, extracted every
10 ps from the last 15 ns of the MD simulation trajectory.

ΔGbind = ΔGcomplex – [ΔGRec + ΔGlig]
G = Egas +Gsol –TS.

Egas = Eint +Eele +Evdw

Gsol = GPB(GB) + Gsol-np

Gsol-np = γSAS

Table 1. Prediction of different binding sites on the γ-tubulin dimer complex along with their physico-
chemical properties.

Binding
site

Site
score

Volume
(Å)3 Exposure Enclosure Contact Phobic Philic Balance

Don/
Acc

1 1.056 952.5 0.516 0.781 0.976 0.860 1.032 0.834 1.136
2 0.983 497.3 0.616 0.725 0.855 0.259 1.112 0.233 1.173
3 1.062 438.3 0.417 0.791 1.085 0.093 1.695 0.055 0.413
4 1.048 423.9 0.458 0.769 1.003 0.070 1.657 0.042 0.436
5 0.900 163.6 0.640 0.658 0.873 0.112 1.096 0.102 0.726
6 0.988 299.4 0.698 0.725 0.725 0.582 0.803 0.725 0.173
7 0.906 164.3 0.595 0.737 0.938 0.484 1.232 0.392 0.623
8 0.893 162.9 0.598 0.704 0.857 0.540 1.108 0.487 0.597
9 0.931 158.8 0.601 0.729 1.018 0.247 1.222 0.202 0.642
10 0.824 160.9 0.726 0.622 0.765 0.449 0.823 0.546 0.759

510 C. Suri and P.K. Naik

D
ow

nl
oa

de
d 

by
 [

G
ur

u 
G

ha
si

da
s 

U
ni

ve
rs

ity
 ]

 a
t 0

0:
30

 1
7 

A
ug

us
t 2

01
5 



where ΔGbind represents the binding free energy between receptor and ligand and is calculated
as the difference between the binding free energy of the complex (ΔGcomplex) and the sum of
the binding free energy of receptor (ΔGRec) and ligand (ΔGlig). G is Gibbs free energy, TS is
the comformational entropy, Egas is the gas phase energy calculated as the sum of internal
energy (Eint), energy generated as a result of the electrostatic interaction (Eele) and the van
der Waals interaction (Evdw). Gsol is the solvation free energy calculated as the sum of polar
(GPB(GB)) and non-polar contributions (Gsol-np). Polar interaction contribution (GELE,PB(GB))
was calculated as the summation of electrostatic contribution (Eele) and polar solvation
contribution (GPB(GB)). The non-polar solvation contribution (Gsol-np) is approximated as

Table 2. Molecular docking evaluation of binding sites. All three ligands were docked onto the 10 pre-
dicted binding sites of the γ-tubulin dimer complex. The binding site that showed better docking score
with all the ligands was selected as the probable binding site of interaction of these ligands on the γ-γ
tubulin dimer. On the basis of docking score, site 6 was selected.

Ligand Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 Site 10

Amino -2.81 -2.9 -3.48 -3.36 -3.1 -3.55 -1.88 -2.54 -3.08 -2.61
Bromo -2.54 -2.94 -3.09 -2.7 -2.42 -4.23 -1.66 -2.48 -2.36 -2.82
Noscapine -1.63 -2.26 -1.91 -1.97 -1.84 -2.67 -1.74 -2.14 -1.93 -1.88

Figure 2. Root mean square deviation. The root mean square deviation (RMSD) of Cα atoms of the
γ-tubulin dimer in the free form and bound form with different ligands – (A) noscapine, (B) amino-
noscapine and (C) bromo-noscapine – during the entire duration of MD simulation. All molecular
systems display stability throughout 25 ns simulation.
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linearly dependent on the solvent accessible surface area (SAS) and γ is the surface tension
constant that was set to 0.0072 kcal mol-1 Å-2 [33].

2.5 Per-residue energy decomposition

The contribution of each amino acid residue of the γ-tubulin dimer was calculated to identify
those residues which show strong interaction with noscapinoids. These calculations were per-
formed using MM-GBSA method implemented in Amber 11 over 1500 frames obtained
every 10 ps from last 15 ns trajectory. The residues that contributed more than –1 kcal/mol
to the stability of the protein–ligand complex were designated as hot-spot amino acids. The
energy contribution of each amino acid was further decomposed into various energy compo-
nents such as van der Waals, electrostatic, polar solvation and non-polar solvation energy
components.

Figure 3. Root mean square fluctuation (RMSF) of Cα atoms. RMSF of residues in the γ-tubulin dimer
in the free form and in the bound form with different ligands – (A) noscapine, (B) amino-noscapine, (C)
bromo-noscapine – during the entire duration of MD simulation. The residues with higher RMSF tend
to show more flexibility. The residues in the bound form show a small degree of flexibility when
compared with free γ-tubulin dimer.
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3. Results and discussion

3.1 Binding of noscapinoids with γ-tubulin dimer

The molecular interaction and binding affinity of noscapinoids with the γ-tubulin dimer was
determined using a combination of molecular docking, molecular dynamics simulation and
MM-PBSA/MM-GBSA calculations. A blind docking approach was employed whereby nos-
capinoids were docked into each one of the predicted binding sites of the γ-tubulin dimer.
The probable binding site of noscapinoids was then screened out based on better docking
score – the binding site 6 that showed better docking score with noscapinoids was selected
(Table 2). The γ-tubulin dimer complex bound to drugs (1–3) was simulated for 25 ns to
obtain a trajectory of 2500 frames, each frame recorded every 10 ps. Root mean square devia-
tions (RMSD) of Cα-atoms during the entire duration of simulation were calculated for all
the frames to monitored the stability of the system. The molecular systems were observed to
be stabilized after 5 ns of simulation (Figure 2), since the relative fluctuation in the RMSD of
Cα carbon atoms (Cα-rmsd) was very small after equilibration. The overall RMSD ranges
from 0 to 2.2 Å. Furthermore, root mean square fluctuations (RMSF) of Cα-atoms of the
molecular systems were calculated to find any changes in the residue flexibilities. The RMSF
values were plotted against residue numbers as shown in Figure 3. The residues with higher

Figure 4. Binding mode of noscapinoids. Noscapinoids (noscapine, amino-noscapine and
bromo-noscapine) docked into the γ-tubulin dimer. The zoomed views show the binding mode of the
noscapinoids alone. The residues which show contribution of less than –1 kcal/mol to the binding free
energy (ΔGbind) are only labelled.
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RMSF tended to show more flexibility (Figure 3). The binding modes of noscapinoids were
found to involve interactions with both γ-tubulin units at the interface region and are well
accomodated inside the binding cavity (Figure 4).

3.2 Theoretical binding affinity calculation

The binding affinity of all the three noscapinoids (1–3) was calculated using MM-PBSA and
MM-GBSA methods. All three noscapinoids displayed stable interaction throughout simula-
tions (Figures 3 and 4). Among the three noscapinoids, bromo-noscapine showed the best
binding affinity with the value of –37.6 kcal/mol, followed by noscapine with –29.85 kcal/mol
and amino-noscapine with –23.99 kcal/mol using the MM-PBSA method (Table 3). Using the
MM-GBSA method, bromo-noscapine showed highest binding affinity with the value of –
43.64 kcal/mol, followed by amino-noscapine with –37.56 kcal/mol and noscapine with the
value of –34.57 kcal/mol. This could be attributed to the formation of hydrogen bonds between
bromo-noscapine and surrounding amino acid residues such as Met249, Asn250 and Gly247
in chain A (Figure 5). Noscapine also forms hydrogen bonds with Met249 and Ans250 of
chain B. No significant hydrogen bonding was observed for amino-noscapine.

For all complexes, the binding energy was decomposed into its various energy compo-
nents (the electrostatic, van der Waals and solvation). Both van der Waals (ΔEVDW) and the
electrostatic component (ΔEELE) were observed to make very significant contributions to the
free energy of binding (Table 3). However, the net polar contribution (ΔG(ele,PB/GB) = ΔEele +
ΔG(PB/GB)) was rendered unfavourable due to very large penalty imposed by the desolvation
component (ΔGPB/GB), while the net non-polar components ΔEvdw and ΔGsol-np were observed
to make highly favourable contributions to the binding free energy (Figure 6).

Table 3. Calculated binding free energy using MM-GBSA and MM-PBSA to ascertain the strength of
interaction between noscapinids and the γ-tubulin dimer. The major energy components such as van der
Waals, electrostatic, polar solvation and non-polar solvation, contributing to the binding free energy
were also estimated.

Contribution Noscapine (kcal/mol) Amino-noscapine (kcal/mol) Bromo-noscapine (kcal/mol)

ΔE INT 0.00 0.00 0.00
ΔEVDW -47.74 -54.15 -55.17
ΔEELE -121.68 -108.00 -139.56
ΔEGAS/ ΔE MM -169.41 -162.14 -194.72
ΔG PB 142.84 141.70 160.60
ΔGSOL-NP -3.28 -3.55 -3.48
ΔGSOLV,PB 139.56 138.15 157.12
ΔGELE,PB 17.89 30.15 17.56
HTOT,PB -29.85 -23.99 -37.60
GGB 139.59 129.89 156.21
GSOLV,GB 134.84 124.58 151.08
GELE GB 17.91 21.89 16.65
HTOT, GB -34.57 -37.56 -43.64

ΔEINT is internal energy, ΔEVDW is energy generated due van der Waal’s forces, ΔEELE is energy
generated due electrostatic forces, ΔEGAS/ ΔE MM is the molecular mechanics energy, ΔGSOL-NP is the
non-polar solvation energy, GPB(GB) is the polar solvation energy, ΔGSOLV,PB(GB) is the total solvation
energy, ΔGELE,PB(GB), Polar interaction contribution (GELEPB(GB)) was calculated as the summation of
electrostatic contribution (Eele) and polar solvation contribution (GPB(GB)). HTOT,PB(GB) is the binding
free energy. PB refers to values obtained using MM-PBSA method and GB refers to values obtained
using MM-GBSA method.
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Figure 5. 2D ligplot of noscapinoids: A 2D representation of the binding mode of noscapinoids – (A)
noscapine, (B) amino-noscapine and (C) bromo-noscapine – with the γ-tubulin dimer. ‘A’ and ‘B’ denote
the chains in γ-tubulin dimer. Hydrogen bonding residues are shown in green and red for chain A and
chain B, respectively. The dashed lines denote hydrogen bonds and numbers indicate the length of
hydrogen bond. Hydrophobic interactions are shown as arcs with radial spokes. An average structure
generated from last 1500 frames was used for the analysis. The figures were made using Dimplot [34].
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Figure 6. Energy contribution of hot-spot amino acids. Non-polar, polar as well as total energy contribu-
tions of the amino acid residues that contribute most to the stability of the protein–ligand (A) noscapine,
(B) amino-noscapine and (C) Bromo-noscapine complex. Polar interactions were calculated as sum of
electrostatic (ΔEi,ele) and polar solvation (ΔGi,sol,GB) energy components while the non-polar interactions
were calculated as sum of van der Waals (ΔEi,vdw) and non-polar solvation component (ΔGi,sol-np).
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Per-residue energy decomposition analysis was performed for all three complexes where
the energy contribution of each residue in the complex was calculated. The residues which
contributed more than –1 kcal/mol were identified as hot-spot amino acids. A total of eight
hot-spot amino acids were identified for the complex of γ-tubulin dimer and noscapine, while
six hot-spot amino acids were identified for complex of γ-tubulin dimer and amino-noscapine
as well as the γ-tubulin dimer–bromo-noscapine complex (Table 4). The energy contribution
of all the hot-spot amino acids was further decomposed into energy components such as van
der Waals, electrostatic, polar solvation and non-polar solvation energy. Total polar contribu-
tion was estimated as summation of electrostatic and polar solvation energy components,
while the total non-polar contribution was estimated as summation of van der Waals and non-
polar solvation energy components. Further analysis revealed that Tyr 248 and Met 249 in
both chains of the γ-tubulin dimer contributed significantly to the binding (Table 4) and thus
play a crucial role in the binding of noscapinoid with γ-tubulin.

4. Conclusion

In this study, the binding modes of the three noscapinoids – noscapine, amino-noscapine and
bromo-noscapine – with the γ-γ-tubulin dimer were illustrated using molecular dynamics sim-
ulations and continuum solvent (MM-GBSA/PBSA) approaches. It was revealed that all three
noscapinoids bind to the γ-tubulin dimer in a pocket located at the binding interface between
two adjacent γ-tubulin units. These results provide the first evidence of the possibility of
binding of noscapinoids with γ-γ-tubulin dimer. Further work is still required to experimen-
tally confirm the binding location of these compounds to γ-γ-tubulin dimer, so that focused

Table 4. Energy decomposition. Decomposition of calculated ΔGbind,GB (kcal/mol) on per-residue basis
into total polar and non-polar energy components for the hot-spot amino acids. Those amino acids
which contributed more than –1 kcal/mol to the binding affinity of noscapinoids with the γ-tubulin
dimer complex were considered as hot-spot amino acids.

γ-tubulin chain Residue Polar contribution Non-polar contribution Total

Noscapine A TYR 248 -1.977 -4.309 -6.287
MET 249 -0.309 -1.922 -2.231
ASN 250 -0.179 -1.12 -1.299
PRO 330 0.051 -1.118 -1.067
ALA 359 0.1 -1.209 -1.109
LEU 360 0.126 -2.102 -1.976

B TYR 248 0.746 -3.444 -2.698
MET 249 0.368 -1.909 -1.54

Amino-noscapine A TYR 248 0.999 -3.708 -2.71
ASN 250 -0.046 -1.212 -1.257
ALA 359 0.032 -1.201 -1.17
LEU 360 0.146 -2.425 -2.279

B TYR 248 0.697 -3.672 -2.975
MET 249 0.076 -2.124 -2.047

Bromo-noscapine A TYR 248 -1.998 -0.142 -2.14
LEU 360 -1.423 0.135 -1.287

B TYR 248 -4.12 0.109 -4.012
MET 249 -3.143 0.105 -3.038
ASN 250 -1.391 0.035 -1.356
LEU 360 -1.395 0.264 -1.131
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virtual screening and design of new derivatives can be undertaken to find a highly selective
and specific inhibitor of the γ-γ-tubulin dimer based on the scaffold structure of noscapinoids.
Such an inhibitor may eventually yield therapeutic benefit in cancer treatment. It is well pro-
ven that noscapinoids bind at the interface of α- and β-tubulin stoichiometrically and perturb
microtubule dynamics just enough to induce apoptosis to cancer cells without affecting nor-
mal cells. The findings in this study might also explain an additional mode of action of these
compounds, namely their possible inhibition of the γ-γ-tubulin dimer. Further study is
required to determine whether noscapinoids destabilize the γTuRC, which is employed to
nucleate microtubules.
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