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Abstract 

γ-tubulin is a small globular protein, found to be localised at the microtubule organizing 

centers. It is experimentally observed to interact with the minus end of microtubules to 

facilitate the nucleation and organization of mitotic microtubules in dividing cells. The most 

well accepted hypothesis for the initiation of microtubule polymerization is that α/β -tubulin 

dimers add onto a γ-tubulin ring complex (γTuRC), in which adjacent γ-tubulin subunits 

bind to the underlying non-tubulin components of the γTuRC. This template determines the 

resulting microtubule lattice. In this study we use molecular modelling and molecular 

dynamics simulations, combined with computational MM-PBSA/MM-GBSA methods, to 

determine the extent of the atomic interaction of γ-tubulin (though one of its horizontal 

interface) with microtubules. We first prepared the molecular system comprising of γ-

tubulin, microtubule represented by α/β tubulin and GCP4 using protein-protein docking 

algorithm. We then MD simulated the complex to check its stability through 10 ns of 

simulation. We calculated the ensemble average of binding free energy of -110.86 kcal/mol 

by the MM-PBSA method and 120.42 kcal/mol by the MM-GBSA method. These highly 

favourable binding free energy values imply robust interaction of γ-tubulin with 

microtubules. Next we identified the hot spot amino acids that play key role in the 

interactions by computational alanine scanning mutagenesis and free energy decomposition 

per residue. Experimental mutagenesis validated these hot spot amino acids. The results 

from the experimental findings were consistent with the theoretical calculations and offer 

important insights on the mechanism of interaction between the γ-tubulin and microtubules. 
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Introduction 

‘Template model’ of nucleation suggests that the γ-tubulins in the γTuRC function as a 

microtubule template, making lateral contacts with each other around the ring and longitudinal 

contacts with α-tubulin (minus end of the microtubule). The γTuRC was shown to interact 

specifically with microtubule minus ends, at which it functions as a cap to prevent microtubule 

growth in the minus direction [1]. This was consistent with electron micrograph images showing 

closed structures at the ends of microtubules, whether nucleated by γTuRCs in vitro [1-3] or attached 

to MTOCs in vivo [4]. According to this model γ-tubulin directly interacts, via one of its 

longitudinal interfaces, with the GCP2, GCP3 or GCP4 and, via its other interface, with the α/β 

tubulin dimers.  

A major advance toward the full understanding of γ-tubulin complexes was achieved by the 

determination of the crystal structure of monomeric human γ-tubulin bound to GTP and to GDP [5, 6] and 

more recently that of  human GCP4 [7]. Also, recent 8 A0 resolution electron density map of a tetramer 

sub-complex containing two hetero-dimers of γ-tubulin and GCP4 [7] is a very welcome and timely 

beginning in the precise understanding of the binding interfaces of γ-tubulin, on its interface with 

components of the γTuRC. 

In this study we use the knowledge of known structures to first obtain a complex of γ-tubulin 

with α/β tubulin and GCP4 using protein-protein docking. We then MD simulated the resultant 

molecular system for 10 ns. Further binding free energy was calculated to elucidate the strength of 

interaction of γ-tubulin with α/β tubulin  

Materials and Methods 

Molecular system 

A pseudo atomic model of the α/β tubulin tetramer was obtained from David B. Wells from 

University of Illinois, Urbana, Illinois while the coordinated of GCP4 and γ-tubulin tetramer was 

obtained from Georges Czaplicki, from the Universite´ de Toulouse, UPS, Toulouse, France (Figure 

1). As γ-tubulin interacts with α/β tubulin at the minus end, we deleted one of the β-tubulin to obtain 

the seam conformation. Since no crystal structure of the complete complex (comprising of α/β 

tubulin, γ-tubulin and GCPs) is known, we followed a two step process that involved initial protein-

protein docking using Zdock (version 2.3) followed by refinement of docked complex using Rdock.  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Wells%20DB%5Bauth%5D
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Zdock is a rigid-body docking algorithm based on the principle of pair wise shape complementarity 

(PSC), electrostatic and desolvation parameters [9]. In step 2, the top scoring poses obtained from 

Zdock were energy minimized using CHARMM force field. The binding affinity (ΔGbinding) between 

the protein complexes was predicted using Rdock scoring function which is the sum of desolvation 

and electrostatics contribution. 

ΔGbinding
 = ΔGACE

 + β X ΔGelec 

where β is a scaling factor, a value of 0.9 was used in this study. The conformation with least RDock 

score was then selected for further molecular dynamics studies [10]. 

 

Figure 1: Preparation of molecular system. A: The coordinates of ‘α/β tubulin tetramer obtained 

from David B. Wells et.al. from University of Illinois. B: Protein complexes for docking. C: The 

resulting docked complex obtained after Rdock. In the figure α-tubulin is shown as magenta cartoon, 

β-tubulin as blue cartoon, γ-tubulin as green cartoon and GCP4 as orange cartoon.  

 

Molecular Dynamics Simulation 

To further refine the structure, a small run of all atom Molecular Dynamics (MD) 

simulations was carried out for 1000 ps with a time step of 2 fs on the modelled structure using 

Gromacs package (Version 4.5.4) [11]. The simulations were set up with Amber99SB force field 

[12], in a dodecahedron solvation box at a distance of 12Å from the periphery of the protein with 

TIP3P water molecules, using periodic boundary conditions [13]. Particle-Mesh-Ewald algorithm 

was employed to calculate the electrostatic interactions between atoms [14, 15]. The Lenard-Jones 

and electrostatic interaction cut-off were set at 1.0 nm distance. LINCS algorithm was used to 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Wells%20DB%5Bauth%5D
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constraint the bond lengths [16]. Prior to the 10 ns MD Simulation the molecular system was 

neutralized with 36 Na+ ions, energy relaxed using steepest descent algorithm for 1000 steps and 

then equilibrated for 1000 ps of MD run. An average structure was generated using the last 2000 

frames from the total of 10,000 frames generated during MD simulation. 

Calculation of binding free energy between γ-tubulin and microtubules 

The average structure obtained after simulation in gromacs was first minimised, equilibrated 

for 500 ps followed by 5ns MD simulation using Amber 11.0 and Ambertools 1.5 [17, 18] for γ-

tubulin dimer. Binding free energy calculations were carried out using the conventional MM-PBSA 

and MM-GBSA approaches using Amber 11 [19, 20]. A total of 200 snapshots were extracted, 

every 10 ps from the 5 ns of the MD trajectory. For each snapshot, the free energy was calculated 

for each molecular species (complex, protein and ligand). Conceptually the  binding free energy can 

be calculated as : 

ΔGbind = ΔGcomplex – [ΔGRec + ΔGlig] 

G = Egas +Gsol -TS. 

Egas = Eint +Eele +Evdw 

Gsol = GPB(GB) + Gsol-np 

Gsol-np= γSAS 

Where, G is Gibbs free energy, 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 

nonpolar contributions (Gsol-np). Polar interaction contribution (GPB(GB)) was calculated as the 

summation of electrostatic contribution (Eele) and polar solvation contribution (GPB(GB)). The 

nonpolar solvation contribution (Gsol-np) is approximated as 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 [21]. 

Per residue energy contribution 

Energy decompostion method, implemented in Amber 11, was employed on the 200 frames 

extracted every 10 ps from 2 ns of simulation using the MM-GBSA method. The residues 

contributing more than -2 kcal/mol were considered very significant for the binding of GCP4 with γ-

tubulin and these residues were designated as hotspot amino acids. 

Computational Alanine Scanning Mutagenesis 



 
 

6 
 

To further study the energy contribution of these amino acids in the interaction of α/β tubulin 

and γ-tubulin, computational alanine scanning was performed. In this method an amino acid of 

interest is replaced with alanine and absolute binding free energy is recalculated. For our study we 

also identified those amino acids which contributed significantly to the binding of α/β tubulin and γ-

tubulin and were flanked by two or more polar amino acids. Four such segments were identified as 

shown in figure 2. Corresponding to each segment, four mutant structures were prepared by 

mutating the polar amino acids in these stretches into alanine. Each of the four mutants were then 

MD simulated in Amber for 5ns.  

Experimental alanine scanning mutation and phenotypes  

 pALTER-EX1 vector (Promega, Madison, WI) was used to subclone TUBG1 cDNA into the 

NdeI site downstream from the SP6 promoter to create pTWH101 as described by Hendrickson et 

al.[22]. Based on our findings from the molecular modelling methods, 4 stretches of polar amino 

acids were identified as shown in figure 2. The amino acids in each of the four stretches were 

mutated to alanine by oligonucleotide-directed mutagenesis using pTWH101 as the template. 

pALTER-EX1 contains a tetracycline resistance gene and an inactivated ampicillin resistance gene 

to obtain four mutants. The ampicillin-repair oligonucleotide restores the activity of the inactivated 

AmpR gene, and the tetracycline knockout oligonucleotide inactivates the TetR gene. This schema, 

i.e., inactivation of the TetR gene and the activation of the AmpR gene, provided a rapid method for 

selecting potential alanine-scanning mutants. Because contiguous alanine codons can be used to 

create a PstI site, we used PstI digestion to further screen for potential alanine-scanning mutants. 

We then verified the mutated sequences that represented the only differences between the mutant 

(tubg1) and the wild type (TUBG1).  

The yeast expression plasmids were constructed by subcloning each of the tubg1 alleles into pREP1 

at the NdeI site downstream of the nmt1+ promoter[23, 24]. Wildtype cells[25] were transformed 

with either one of the tubg1-pREP1 plasmids or the control TUBG1-pREP1 and grown in minimal 

media supplemented with adenine, histidine, and uracil. Transformants were screened at 18 and 36 

°C to identify conditional mutants in the presence of endogenous γ-tubulin. The strains were 

maintained at 30 and 26 °C, respectively. A diploid strain, NC377[26, 27], bearing one endogenous 

wild-type copy of S. pombe γ-tubulin, gtb1+ and one disrupted copy, gtb1::ura4+, was also 
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transformed with the mutant plasmids. The resulting yeast transformants were randomly sporulated 

and selected for ura+, leu+, and the spores were tested for conditional growth. 

 

Figure 2: Amino acid stretches identified for alanine scanning mutagenesis. A total of 

seven stretched were identified on the basis of individual amino acid contribution and their 

participation interaction with α/β tubulin. 

Results and discussions 

Preparation of Molecular system 

A total of 2,000 conformations, categorized into 100 clusters, were generated after Zdock. On the 

basis of Zdock score and visual inspection to rule out unfavourable conformations, 132 

conformations were selected for Rdock. A total of 79 conformations were found to have favourable 

Rdock score of which the conformation with least energy was obtained for molecular dynamics 

(Figure 3). After Rdock, the selected conformation was then simulated for 10 ns in Gromacs. Root 

mean square deviation (RMSD) analysis reveals a very stable structure throughout 10 ns of 

simulation (Figure 4). An average structure was obtained from last 2 ns of simulation. The average 
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structure was then minimised and checked for structure quality. The overall quality of the model 

obtained, stereo-chemical values and non-bonded interactions were tested using PROCHECK, 

ERRAT and VERIFY3D [28-31].  

 

Figure 3: Comparison of ΔGbinding energy of different docking complexes between α/β tubulin and 

γ-tubulin calculated using Rdock. 

 

Figure 4: Root mean square deviation (RMSD) estimated over 10 ns. The RMSD was very stable 

around 0.06 nm throughout the simulation. 
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  The PROCHECK results showed 99.5 % of backbone angles are in allowed regions 

with G-factors of - 0.25. Ramachandran plot analysis revealed only 0.5% residues in the 

generously allowed region and no residue in the disallowed region. ERRAT is an “overall 

quality factor” calculator program for non-bonded atomic interactions. The accepted range in 

ERRAT is 50 and higher scores indicate the precision of the model. For a structure with a 

resolution between 2.5Å– 3Å, the average structure quality is 91%. For the minimized 

average structure the ERRAT score was 91.43% that is within the range of high quality 

model. Similarly, VERIFY3D Determines the compatibility of an atomic model (3D) with its 

own amino acid sequence (1D) by assigned a structural class based on its location and 

environment (alpha, beta, loop, polar, nonpolar etc) and comparing the results to good 

structures. The structure passed the VERIFY3D test which implies at least 80% of the amino 

acids scored >= 0.2 in the 3D/1D profile.  

 

Molecular Dynamics Simulation 

The minimized molecular system was again simulated using Amber11 for 5ns. Mutant 

structures were prepared by mutating the identified polar amino acids (as indicated in figure 

2) into alanine. All four mutants were also MD simulated in amber for 5 ns. Root mean 

square deviation analysis indicated that all complexes except Mutant 3 stabilized after 2 ns 

(Figure 5). Mutant 3 also showed stability after 3ns. 

 

Figure 5: Root mean square deviation (RMSD) of α-β-γ-tubulin complex and the mutants estimated 

over 5 ns. The RMSD was very stable after the initial 2 ns. 
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Figure 6: Root mean square fluctuation (RMSF) of α-β-γ-tubulin complex and the mutants 

estimated over 5 ns.  

 

We also performed root mean square fluctuation (RMSF) of α-β-γ-tubulin complex and the 

mutants. RMSF of most of the residues was well below 4 Å and only two residues had RMSF >6 

(Figure 6). This indicates that the complexes were quite stable throughout the 5 ns simulation.  

Calculation of binding free energy between γ-tubulin and microtubules 

  The calculation of binding free energy between the ligand and the complex of GCP4 

and γ-tubulin was carried out on 200 frames, obtained every 10 ps from last 2ns of 

simulation, using the MM-GBSA and MM-PBSA method. The results are summarized in 

table 1. The ensemble average of binding free energy using MM-PBSA and MM-GBSA was 

determined as -110.86 kcal/mol and -120.42kcal/mol. The difference in the values obtained 

could be attributed to the calculated polar solvation energy which was -1863.37 kcal/mol 

obtained by MM-GBSA, higher than -1853.81 kcal/mol as obtained using MM-PBSA. All 

molecular interactions in polar solvent are guided by polar (the polar interaction, ΔG(ele,PB/GB) 

= ΔEele + ΔG(PB/GB)) and non-polar energy components. The non polar component generally 

yields a more favourable contribution as compared to the polar component to the molecular 

interactions as the non-polar residues have the tendency to bury themselves in the 

hydrophobic pockets allowing the water in the binding site to displace [32]. As observed 

from table 1, though the desolvation component (ΔGPB/GB) of -1821.50 kcal/mol and -
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1824.19 kcal/mol calculated by MM-PBSA and MM-GBSA method respectively, is highly 

favourable to binding, it cannot compensate the large penalty imposed by the Coulombic 

contributions ΔEele of 2027.56 kcal/mol. The non-polar components comprising of van der 

Waals interaction contribution (ΔEvdw) and the non-polar solvation contribution (ΔGsol-np) 

were estimated to be highly favourable with the values of -284.61 kcal/mol and -32.31 

kcal/mol, respectively. 

 

Table 1: Calculated binding free energy between α/β tubulin and γ-tubulin. Binding free energy 

calculated using MM-GBSA and MM-PBSA to ascertain the strength of interaction between α/β 

tubulin and γ-tubulin. The major energy components like van der Waals, electrostatic, polar 

solvation and non-polar solvation, contributing to the binding free energy were also estimated. 

 

Contribution Complex(kcal/mol) 

ΔE INT 0.00 

ΔEVDW -284.61 

ΔE ELE 2027.56 

ΔE GAS 1742.95 

ΔG PB -1821.50 

ΔG SOL-NP -32.31 

ΔG SOLV,PB -1853.81 

ΔG ELE,PB 206.06 

H TOT,PB -110.86 

G GB -1824.19 

G SOLV,GB -1863.37 

G ELE GB 203.37 

H TOT, GB -120.42 

 

 

Per-residue energy decomposition 

Energy contribution of each residue in the interface between α/β tubulin and γ-tubulin was 

calculated using the MM-GBSA method to investigate the details of protein-protein interactions at 

the atomic level (Figure 7). We identified  15 hotspot amino acids that have the highest impact (per 

residue contribution > 2 kcal/mol) on the α/β tubulin and γ-tubulin interaction interface (Table 2). 
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Table 2. Decomposition of calculated ΔGbind, GB (kcal/mol) on per residue basis into van der 

Waals, electrostatic, polar solvation and non-polar solvation energy components. A total of 15 

residues with energy contribution of >-2kcal/mol were obtained. The table also includes amino acids 

with energy contribution > -1 kcal/mol. 

Residue ΔEi,vdw (kcal/mol) ΔEi,ele (kcal/mol) ΔGi,sol GB(kcal/mol) ΔGi,sol-np (kcal/mol) ΔHi,tot,GB (kcal/mol) 

ARG211 -1.65 214.84 213.64 -0.46 -3.31 

ASP215 -1.18 197.66 -197.92 -0.30 -1.74 

ARG216 -1.23 250.77 240.94 -0.40 -11.46 

HIE218 -5.96 -8.84 10.98 -0.90 -4.72 

GLN220 -2.64 -8.92 10.72 -0.82 -1.66 

THR276 -3.54 -1.29 2.94 -0.43 -2.32 

THR277 -3.17 -1.70 3.92 -0.58 -1.52 

ASP278 -1.81 191.34 -191.41 -0.16 -2.05 

SER280 -0.52 -2.43 1.87 -0.28 -1.36 

GLN298 -1.30 -9.85 9.39 -0.25 -2.01 

PRO299 -1.87 -5.26 6.25 -0.24 -1.12 

ARG308 -3.58 214.08 216.23 -0.41 -1.83 

ARG310 -2.28 269.13 263.88 -0.56 -8.08 

GLN311 -4.23 -2.91 5.94 -0.73 -1.93 

THR312 -1.59 -0.89 1.25 -0.22 -1.45 

ASN313 -0.55 -5.02 4.65 -0.14 -1.07 

ARG340 -4.69 198.83 201.26 -0.77 -3.03 

PHE347 -3.44 -1.30 0.44 -0.37 -4.68 

PRO349 -3.43 -1.92 2.60 -0.48 -3.25 

TRP350 -1.31 -1.89 1.67 -0.08 -1.61 

PRO352 -2.98 -3.10 3.77 -0.43 -2.73 

ALA353 -1.67 -3.49 3.71 -0.28 -1.74 

ILE355 -1.17 -0.35 0.46 -0.14 -1.20 

ARG389 -0.60 -217.28 212.97 -0.31 -5.22 

PRO440 -3.45 -4.69 5.66 -0.58 -3.05 

SER444 -1.90 -7.06 7.01 -0.48 -2.44 

TRP445 -2.49 161.26 -164.68 -0.60 -6.51 
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Figure 7: Per residue free energy contribution of residues in the binding process of GCP4 and 

γ-tubulin. Free energy contribution of each residue on the surface between α/β tubulin and γ-tubulin 

calculated based on MM-GBSA. Only the residues contributing free energy of > -2 kcal/mol 

(designated as hotspot amino acids) are labelled in the figure. 

 

Table 3: Ensemble average of binding free energy (kcal/mol) of γ-γ tubulin complex 

calculated using the MM-GBSA and MM-PBSA methods in Amber. 
 

Complex  MM-GBSA 

(kcal/mol)  

MM-PBSA 

(kcal/mol)  

Wild Type  -120.49  -110.86  

Mutant 1  -96.51  -65.25  

Mutant 2  -90.90  -76.32  

Mutant 3  -123.02  -119.95  

Mutant 4  -79.24  -82.11  

 

Computational Alanine Scanning Mutagenesis 

Each of the prepared mutant was MD simulated in Amber for 5 ns. This was followed by calculation 

of binding free energy (Table 3). We observed that except for Mutant 3, there was very significant 

drop in the calculated binding affinities for Mutant 1, Mutant 2 and Mutant and Mutant 4, using both 

MM-PBSA and MM-GBSA methods.  
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Figure 8: Normalized %bound of α/β tubulin with γ-tubulin. 

Growth of Alanine scanning mutant in fission yeast and its phenotype 

 Since we wished to verify the hot-spot amino acids in order to identify evolutionarily 

conserved features of γ-tubulin, we took advantage of the fact that the human γ-tubulin gene 

(TUBG1) can replace the fission yeast γ-tubulin (gtb1).  Using alanine-scanning mutagenesis a 

series of four mutants of γ-tubulin, as described in figure 6.4, which targeted key residues predicted 

to be involved in protein-protein interactions, were generated. To test the effect of the alanine 

substitution on protein function haploid yeast cells, wild-type and gtb1-, were transformed with the 

alanine mutants.  Wild-type TUBG1 transformants served as controls. Radiolabeled γ-tubulin was 

synthesied in vitro using TnT® Coupled Reticulocyte Lysate System (Promega Corp., Madison WI). 

The radiolabeled γ-tubulin was then purified using Myc antibody. Finally, In vitro microtubule 

binding assay was performed as described by Li and Joshi (1995) with γ-tubulin and its mutant proteins 

[33]. The % bound of Wild Type was normalized to 100% (Figure 6.10). The % bound of Mutant 1 (M1), 

Mutant 2 (M2) and Mutant 4 (M4) was less than the Wild type while that of Mutant 3 (M3) was more than 

the Wild Type. These experimental results corroborate with the computation alanine scanning data.  

Conclusion 

The binding interface of γ-tubulin with α/β tubulin was identified using molecular modeling 

calculations. Residues playing crucial role in the interaction were also identified as hot spot amino 

acids. To further reinforce the hot spots, computational alanine scanning mutagenesis was 
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performed. The results were further verified using the experimental alanine scanning mutagenesis. 

For three of the mutants- M, M2 and M4 the binding affinity was lesser as compared to the wild 

type as observed after MM-GBSA analysis. Computationally identified interface was well verified 

by the experimental results.  

Acknowledgement:  
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