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Abstract y-tubulin is essential for the nucleation and
organization of mitotic microtubules in dividing cells. It is
localized at the microtubule organizing centers and mitotic
spindle fibres. The most well accepted hypothesis for the
initiation of microtubule polymerization is that o/-tubulin
dimers add onto a 7y-tubulin ring complex (yTuRC), in
which adjacent y-tubulin subunits bind to the underlying
non-tubulin components of the yYTuRC. This template thus
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 lateral
atomic interaction between two adjacent y-tubulins within
the yTuRC. To do this we simulated a y—y homodimer for
10 ns and calculated the ensemble average of binding free
energies of —107.76 kcal/mol by the MM-PBSA method
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and of —87.12 kcal/mol by the MM-GBSA method. These
highly favourable binding free energy values imply robust
lateral interactions between adjacent y-tubulin subunits in
addition to their end-interactions longitudinally with other
proteins of yTuRC. Although the functional reconstitution
of y-TuRC subunits and their stepwise in vitro assembly
from purified components is not yet feasible, we never-
theless wanted to recognize hotspot amino acids responsi-
ble for key +y—y interactions. Our free energy
decomposition data from converting a compendium of
amino acid residues identified an array of hotspot amino
acids. A subset of such mutants can be expressed in vivo in
living yeast. Because YTuRC is important for the growth of
yeast, we could test whether this subset of the hotspot
mutations support growth of yeast. Consistent with our
model, y-tubulin mutants that fall into our identified hot-
spot do not support yeast growth.

Keywords Gamma tubulin - YTuRC - Protein—protein
interaction - MD simulation - MM-PBSA - MM-GBSA

Introduction

v-tubulin is a small globular protein and is most noticeably
localized at the microtubule organization centers (MTOC)
in eukaryotes [1-6]. y-tubulin was first discovered by
Oakley and Oakley, in Aspergillus as the third member of
the tubulin super-family [7]. Unlike o and B-tubulins, -
tubulin does not polymerize into the microtubule lattice,
but is instead recruited to the microtubule organizing
centers [5, 6]. Microtubules, composed primarily of o/p-
tubulin heterodimers, are key component of mitotic spindle
apparatus necessary for the segregation of duplicated
chromosomes into daughter cells during cell division. They
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also play a vital role in many other cellular functions
including the establishment of cell polarity, cell motility,
intracellular organelle transport and maintenance of the
overall cellular morphology. Such a myriad of roles calls
for a very rapid reorganization. Microtubule assemblies,
obtained in vitro from purified tubulin, differ from micro-
tubule assemblies in vivo in both their structural lattice and
the constrained initiation of assembly at the specific loca-
tions [8]. In vitro, disassembly is energetically favored over
the assembly process until a critically large oligomer is
formed [9]. Cells overcome this slow initial phase of the
assembly process by providing specific nucleation sites
called microtubule organization centers, which in most
animal cells is a centrosome [10]. Experimental methods
have shown that y-tubulin interacts with the minus end of
the microtubules [11]. y-tubulin is present at the MTOC’s
of eukaryotes as a large multisubunit complex called the -
tubulin ring complex (YTuRC) as a unit for microtubule
assembly nucleation [13]. This complex is composed
among other proteins of relatively smaller complexes
called the y-tubulin small complex (yTuSC). yTuSC is
composed of two copies of y-tubulin and one copy each of
gamma complex protein 2 (GCP2) and gamma complex
protein 3 (GCP3) [12]. Multiple copies of yTuSCs along
with GCP4, GCP5 and GCP6 associate together to form the
larger YTuRC [13]. Among the multiple proposed hypo-
thetical models, the ‘template model’ is widely accepted
that presents a ring of y-tubulin on top of the YTuRC as the
template. In this model, each y-tubulin subunit interacts
laterally with another y-tubulin unit and longitudinally with
the o/B-tubulin subunits to form the microtubules lattice.
The mode of interaction of y-tubulin with o/B-tubulin as
well as y-tubulin is not complete. Therefore, in the present
study we have made an attempt to explore the molecular
basis of y—y tubulin lateral interactions. Agard et al. (2008)
deciphered the crystal form of y-tubulin bound to GDP
(PDB: 3CB2, Resolution 2.3 A) that contained two sub-
units of y-tubulin, pointing to the existence of a y—y tubulin
dimer in vivo [9]. Hence, the molecular interactions
between the two y-tubulin units in the dimer were studied
utilizing in silico molecular modelling and molecular
dynamics (MD) methods. Molecular dynamics is one of the
predominant approaches to theoretically study bio-mole-
cules. It allows the study of time dependent behaviour of
molecular systems computationally and furnishes a wealth
of thermodynamic and energetic information. Therefore, in
recent years, MD simulation has gained lot of popularity in
elucidating protein—protein interactions [14-19]. The
robustness of protein—protein interactions have been
quantified in terms of binding free energy. Binding free
energies in solution can be calculated using the molecular
mechanics Poisson—Boltzman solvation area (MM-PBSA)
and molecular mechanics generalized Born solvation area
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(MM-GBSA) approaches [20-23]. Generalized Born (GB)
model has been successfully used to determine the energy
contributions of each residue in the complex to identify the
binding hotspot amino acids [14-16, 24]. To verify binding
hotspots, virtual alanine scanning might be employed to
obtain the difference in the free energy of binding between
the alanine mutants and the wild types. Therefore in this
endeavour we elucidated the protein—protein interactions
between adjacent vy-tubulin using molecular dynamics
simulations followed by MMPB/GB-SA and in silico ala-
nine scanning mutation analyses. Findings were further
validated using computational alanine scanning mutation
analyses.

Materials and methods
Computational methods
Molecular system

The initial coordinates of y-tubulin homodimer (PDB ID:
3CB2, Resolution 2.3 A) [9] were obtained from Protein
DataBank (PDB). The structure contained two chains of -
tubulin (‘A’ and ‘B’) with 446 amino acids each. During
the initial screening of the y-tubulin dimer many errors
such as many missing residues and missing side chains
were observed. Therefore, it was imperative to fix these
structural anomalies before proceeding with further
molecular modelling calculations. Forty-three residues of
chain A and 51 residues of chain B were found to be
missing and represented gaps in the crystal structure. To
reconstitute the homodimer only the ‘A’ chain was used
from the crystal structure. In the ‘A’ chain, 14 residues
were missing from three different locations (278-283,
311-312 and 367-371) while remaining 15 residues were
missing from the terminals (1 from N terminal and 14 from
C terminal). The three non-terminal gaps were filled fol-
lowing homology modelling using multiple templates in
Prime (version 3.0, Schrodinger).

The modelled structure was subjected to energy mini-
mization in Macromodel (version 9.9, Schrodinger) using
Polak-Ribiere Conjugate Gradient (PRCG) algorithm and
OPLS 2005 force field with a gradient of 0.001 kcal/mol and
1,000 steps of iterations. The resultant structure was then
optimized using protein preparation wizard (PPrep, Schro-
dinger). Missing side chains were filled using Prime (version
3.0, Schrodinger). The structure obtained was energy mini-
mized using OPLS 2005 force field with PRCG algorithm.
The minimization was stopped either after 5,000 steps or
after the energy gradient converged below 0.001 kcal/mol.

To further refine the structure, a small run of all atom
Molecular Dynamics (MD) simulations was carried out for
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Fig. 1 Crystal structure of y-y dimer and its refined structure. Panel
‘a’ shows the crystal structure of y-y dimer (PDB ID: 3CB2) with
gaps. Gap flanking residues are shown as blue spheres. Panel ‘b’
shows the refined structure of y-y dimer. A total of 14 missing
residues were added and these can be seen in cyan colour. Panel ‘c’

1,000 ps with a time step of 2 fs on the modelled structure
using Gromacs package (Version 4.5.4) [25]. The simula-
tions were set up with AMBER ff99SB force field, in a
dodecahedron solvation box at a distance of 12 A from the
periphery of the protein with simple point charges (spc216
model) of water molecules, using periodic boundary con-
ditions [26]. Particle-Mesh-Ewald algorithm was employed
to calculate the electrostatic interactions between atoms
[27, 28]. The Lenard-Jones and electrostatic interaction
cut-off were set at 1.0 nm distance. LINCS algorithm was
used to constraint the bond lengths [29]. Prior to the
1,000 ps MD simulation the molecular system was neu-
tralized with 9 Na + ions, energy relaxed using steepest
descent algorithm for 1,000 steps and then equilibrated for
100 ps of MD run. An average structure was generated
using the last 200 frames from the total of 1,000 frames
generated during MD simulation. The y—y dimer was than
reconstituted by substituting the coordinates from the
refined structure of ‘A’ chain onto the original crystal
structure, preserving the original geometry and orientation
(Fig. 1). Furthermore, the y—y dimer obtained was energy
minimized. The overall quality of the reconstituted y—y

D)
Crystal Refined
structure of y-y  structure of y-y
dimer (3CB2) dimer
Verify3D 88.91% 91.93%
Errat 96 91.44
Ramachandran plot:
Allowed 99.7% 99.7%
region
Disallowed 0.3% 0.3%
region

shows the refined structure of y-y dimer (purple) superimposed over
the initial crystal structure of Y-y dimer obtained from 3CB2
(orange); calculated RMSD was 0.73 A. Panel ‘&’ gives the structure
quality parameters of both the wild type and refined structure of y-y
dimer

homodimer was determined using PROCHECK [30, 31],
ERRAT [32] and VERIFY3D [33].

Molecular dynamics simulations of the y—y complexes

In order to study the molecular interactions in y—y com-
plex, the dimer structure reconstituted above was simulated
using Molecular Dynamics in Amber 11.0 and Ambertools
1.5 [34, 35]. The proteins were prepared for simulations
using Leap program implemented in Ambertools. In leap,
AMBER ff99SB [36, 37] force field was assigned to pro-
teins, hydrogens were added, counter ions were added to
neutralize the system and protein system was solvated
using TIP3P water model in an octahedral box with a span
of 15.0 A from the periphery of the protein [38]. The
molecular system was made to go through three consecu-
tive rounds of energy minimizations to relax the molecular
system and to remove any disallowed “bad” contacts. In
each 1,000 step minimization, protein was first minimized
for 500 steps using steepest descent method followed by
500 steps using conjugate gradient with a time step of 2 fs.
In the first and second rounds positions restraints of 10 and
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2 keal ' A2 respectively, were imposed on the protein
system to allow relaxation of solvent molecules. Third
minimization was carried out with no restraints. The sys-
tem was gradually heated from 0 to 300 K. The system was
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 10 ns with a time step
of 2 fs. For MD simulations, isobaric (NPT) conditions
were maintained with the target pressure of 1 bar utilizing
the Berendsen barostat [39]. The temperature was regulated
using Langevin thermostat. All electrostatic interactions
were described using Particle Mesh Ewald (PME) [27, 28]
method and all bonds were constrained using Shake algo-
rithm [29]. The non-bonded cutoff distance was kept at
10 A. Co-ordinates were written to the trajectory file every
2 ps to obtain a total of 5,000 frames. All trajectories were
analysed using PTRAJ program implemented in amber-
tools [40].

Theoretical binding affinity calculation

The calculation of binding free energy in solvation, between
the y-tubulin units in the dimer was determined using the
conventional MM-PBSA and MM-GBSA approaches
described in Amber 11 [20, 41]. Out of the total 5,000
frames obtained during MD simulation 250 frames were
extracted every 20 ps from last 5 ns of the MD trajectory for
calculation of the ensemble average of binding free energy.
The binding free energy was calculated considering each
molecular species (complex, receptor and ligand) and the
binding free energy was calculated as follows.

AGbind = AGcomplex_[AGprotein + AGlig]

The free energy, G, for each molecular species was
calculated by the following MM-PBSA and MMGBSA
methods described in Amber.

Gibbs’s free energy (G) for each molecular species was
calculated as follows:

G = Egas + Gyt =TS

T and S are the temperature and the total solute entropy,
respectively. Eg,s describes the gas phase energy and rep-
resents the sum of internal energy, van der Waals inter-
action energy and electrostatic interaction energy. It is
calculated using parameters described in the Amber
FF99SB force field [36, 37].

Egas = Eint + Eete + Evaw

Gy, describes the free energy of solvation and was
calculated as the sum of polar and nonpolar solvation
contributions as described below:

Gl = GPB(GB) + Gsolfnp
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Gpg(cp) describes the polar solvation contribution and are
obtained solving the Poisson—-Boltzman (PB) and Gen-
eralized Borne (GB) equations [20, 41].

Total polar interaction contributions were obtained as
the sum of the electrostatic energy components and polar
solvation components as given below:

Gele,p(GB) = Eele + Gpp(GB)

The non-polar solvation contribution (Ggopnp) Was esti-
mated using 0.0,072 kcal mol~' A=2 as the value for
constant v and by determining the solvent-accessible sur-
face area (SAS) using a water probe radius of 1.4 A 42

Gso]—np = Vsas

Dielectric constants for solute and solvent were set to 1
and 80, respectively.

Energy decomposition and computational alanine scanning

Binding free-energy contributions of each residue at the
protein—protein interaction interface were calculated using
the GB model, implemented in Amberl1, on the basis of
250 snapshots extracted every 20 ps from the last 5 ns of
MD simulation trajectory [43, 44]. On the basis of individual
contributions to the binding free energy of the complex,
those amino acids contributed more significantly to the
binding free energy (contribution >2.0 kcal/mol) were
considered as the hotspot amino acids. These hotspot amino
acids were believed to contribute most to the stability of
complex and are significant for the y—y tubulin interaction.

To further study the energy contribution of these amino
acids in the interaction of y—y tubulin, computational ala-
nine scanning was performed. In this method an amino acid
of interest is replaced with alanine and absolute binding
free energy is recalculated. In our study the hotspot amino
acids were mutated to alanine and binding free energies
were calculated for the resulting mutated system using the
MM-GBSA approach on the 250 snapshots extracted every
20 ps from the last 5 ns of MD simulation. Finally, the
difference in the binding free energies of the mutant and
wild type, AAGy;,g, was computed as follows:

AAGping = AGping [Mutant] — AGpind [Wlld Type]

Positive values of AAGy,;,q indicate the favourable contri-
bution while negative values indicate unfavourable
contributions.

Preparation of mutant structure of y—y tubulin homodimer

To further investigate the molecular interactions between
v—y tubulin homodimer a stretch of polar amino acids
(Arg339, Arg34l, Glu342, Arg343 and Lys344) at the
interface of y—y dimer were mutated to alanine. Due to
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their polar nature and their location at the interface of the
v—y dimer, this stretch of polar amino acids would play an
important role in binding of two 7y tubulin subunits. To
precisely investigate the role of this stretch of amino acids
in the binding of the y-tubulin units, computational site
directed mutagenesis was performed. All the five amino
acids in the prepared structure of y—y dimer were mutated
to alanine using Maestro interface in Schrodinger. The
mutant structure was then optimized and energy minimized
for 5,000 steps with OPLS 2005 force field and PRCG
algorithm using Macromodel (Schrédinger). Furthermore,
a 10 ns MD simulation was performed on the resultant
structure in Amber keeping the method and parameters
consistent with those used for the wild type. After 10 ns
simulation, the ensemble average of the theoretical binding
affinity was calculated for the last 5 ns mutant complex
trajectories using the MM-PBSA and MM-GBSA methods.

Experimental methods
Experimental alanine scanning mutation and phenotypes

pALTER-EXI1 vector (Promega, Madison, WI) was used to
subclone TUBGI cDNA into the Ndel site downstream from
the SP6 promoter to create pTWHI101 as described by
Hendrickson et al. [45]. Based on our findings from the
molecular modelling studies, a stretch of five polar amino
acids (Arg339, Arg341, Glu342, Arg343 and Lys344) that
contributed significantly to the lateral y—y tubulin interac-
tions were mutated to alanine by oligonucleotide-directed
mutagenesis using pTWH101 as the template. pALTER-
EX1 contains a tetracycline resistance gene and an inacti-
vated ampicillin resistance gene. The ampicillin-repair oli-
gonucleotide restores the activity of the inactivated AmpR
gene, and the tetracycline knockout oligonucleotide inacti-
vates 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 Pstl site, we used Pstl digestion to further screen for
potential alanine-scanning mutants. We then verified the
mutated sequences that represented the only differences
between the mutant (fubgl) and the wild type (TUBGI).
The yeast expression plasmids were constructed by sub-
cloning each of the fubg1 alleles into pREPI at the Ndel site
downstream of the nmt! 4 promoter [46, 47]. Wild type cells
[48] were transformed with either one of the tubgl-pREP1
plasmids or the control 7TUBG-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 y-tubulin.
The strains were maintained at 30 and 26 °C, respectively. A
diploid strain, NC377 [4, 49], bearing one endogenous wild-

type copy of S. pombe y-tubulin, gtbl 4 and one disrupted
copy, gthl::ura4 + , was also transformed with the mutant
plasmids. The resulting yeast transformants were randomly
sporulated and selected for ura 4, leu + , and the spores
were tested for conditional growth.

Results and discussion
Refinement of y—y tubulin dimer structure

The original crystal structure of y—y tubulin dimer (PDB
ID: 3CB2, resolution 2.3 A) has missing amino acids (we
called as gaps) at certain places (Fig. 1a). These gaps were
filled based on the homology model building and the y—y
tubulin dimer was reconstituted and refined further by
performing 10 ns MD simulation (Fig. 1b, c¢). The overall
quality of the model obtained, stereo-chemical values and
non-bonded interactions were tested using PROCHECK,
ERRAT and VERIFY3D. The PROCHECK results showed
99.2 % of backbone angles are in allowed regions with
G-factors of —.25. Ramachandran plot analysis revealed
only 0.3 % residues in the disallowed region (Fig. 1d).
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. In the case of y—y tubulin dimer, the ERRAT
score was 91.43 % that is within the range of high quality
model. Similarly, the VERIFY 3D score of 91.93 indicates
a good quality model.

Structural stabilities from MD simulations

To decipher the molecular insight of the interaction of y—y
tubulin dimer we have performed MD simulation of 10 ns.
The relative fluctuation in the root-mean-square deviations
(RMSDs) of the Ca atoms of y—y tubulin dimer is very
small after the initial equilibration (~4 ns), demonstrating
the stability of the molecular system (Fig. 2). To further
test the convergence of the system we have monitor the
root mean square fluctuation (RMSF) of the amino acids.
As can be seen from Fig. 3, the fluctuations of individual
amino acids are very small (<3.0 A) along the whole tra-
jectory except 2 amino acids: Arg285 and Tyr365 (with
RMSF >3.0 A) in chain ‘A’ and Val285, Arg311 and
GIn312 (with RMSF >3.0 1&) in chain ‘B’. The small
fluctuation in RMSF reveals that the system is stable during
the monitored molecular dynamics simulation.

Analysis of calculated binding free energy

The molecular interaction and binding free energy between
v—y tubulin dimer was calculated based on MM-PBSA and

@ Springer
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Fig. 2 Root mean square deviation of y-y tubulin complex and
mutant complex with respect to time over 10,000 picoseconds
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MM-GBSA of the MD trajectories. Both the methods
indicated very robust interactions between the two Y-
tubulin subunits (Table 1). The ensemble average of
binding free energy using MM-PBSA and MM-GBSA was
determined as —107.76 and —87.12 kcal/mol. The differ-
ence in the values obtained could be attributed to the cal-
culated polar solvation energy which was 749.15 kcal/mol
obtained by MM-GBSA, higher than 726.91 kcal/mol as
obtained using MM-PBSA. Energy value was calculated as
the average value of 250 snapshots, generated every 10 ps,
from the last 5 ns of the MD trajectory. All molecular
interactions in polar solvent are guided by polar (the polar
interaction, AGce.pr/GB) = AEcle + AGpp/Gey) and non-
polar energy components. The non-polar component gen-
erally 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 [50]. However, these non-polar forces are
not strong enough to steer the association of two proteins.

@ Springer

Table 1 Ensemble average of binding free energy (kcal/mol) of y—y
tubulin complex calculated using the MM-GBSA and MM-PBSA
methods in Amber

Contribution Y=y complex Mutant y—y complex
AE; 0.00 0.00
AE aw —158.10 —155.06
AE. —676.57 410.33
AEg, —834.67 255.27
AGsol-np —18.70 —17.68
AGpgp 745.61 —324.61
AGgorv, pB 726.91 —342.28
AGee, pB 69.04 85.72
Hio, pB —107.76 —87.02
AGgp 770.11 —316.08
AGgon, cB 749.15 —335.44
AGee, cB 93.55 94.25
Hior, 6B —85.52 —80.17

Therefore charge residues are often found to be located at
the protein—protein interaction interface as they play a key
role in electrostatic steering which can be explained as a
long range electrostatic mechanism that might lead to
recognition of the binding interface [51]. As evident from
Table 1, though the Coulombic contributions AE., of —
676.57 kcal/mol are highly favourable to binding, they
cannot compensate the large penalty imposed by the
desolvation component (AGpg,gg) of 745.61 and
770.11 kcal/mol as calculated by MM-PBSA and MM-
GBSA, respectively. The non-polar components compris-
ing of van der Waals interaction contribution (AE,q,,) and
the non-polar solvation contribution (AGo.np) Were esti-
mated to be highly favourable with the values of —158.10
and —18.70 kcal/mol respectively. This highly favourable
non-polar component might explain the solute-water dis-
persion and the hydrophobic effects.

Decomposition of the binding free energy
into the per residue contribution

To further understand the y—y interactions at the atomic level,
binding free energy contributions were determined for each
residue in the y—y complex using the MM-GBSA method and
plotted in Fig. 4. The residues having a contribution of
>2 kcal/mol were considered as hotspot amino acids and
they were positioned to contribute most to the stability of the
v—y complex. As an example Asp252, Met249, His334 of
chain ‘A’ and Arg341, Met249, Asp252 of chain ‘B’ make
very high free energy contributions >4 kcal/mol hence,
making considerably large contribution to the overall binding
free energy of the complex. In addition to these residues,
seven more residues of chain ‘A’ (Arg341, Arg265, Trp446,
Ile 444, Tyr443, Pro353, Asn250) and nine amino acids of
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Fig. 4 Per residue energy contribution of amino acids to the stability of y-tubulin dimer, calculated using the MM-GBSA method

chain ‘B’ (Arg265, Hie334, Tyrd43, GIn357, Lysl64,
Pro353, Val358, Ile444, Trp446) show high energy contri-
bution >2 kcal/mol.

Significantly, all the hotspot amino acids were observed
to lie at the y—y complex interface (Fig. 5). Furthermore, to
determine the detailed contribution of each important res-
idue, the binding energy was decomposed into several
other components like the electrostatic, van der Waals,
solvation and total contribution (Table 2). Most hotspot
amino acids like Met249, Asn250, Arg265, Trp446 of
chain ‘A’ and Met249, His334, Trp446 of chain ‘B’ were
observed to make significant non-polar contributions
(>4 kcal/mol). However, some residues like Asp252,
Arg265 of chain ‘A’ and residues Lys164, Asp252, Arg265
and Arg341 of chain ‘B’ were observed to make consid-
erable polar contributions (>2 kcal/mol) (Fig. 6). Arginine
is a versatile amino acid which is capable of forming dif-
ferent types of favourable interactions like hydrogen bond
and salt bridge formation. Arg341 and Arg 265 of chain
‘A’ forms two hydrogen bonds with Asp252 and Trp446 of
chain ‘B’, respectively, while Arg341 and Arg265 of chain
‘B’ forms four hydrogen bonds each with Asp252 and
Trp446 of chain ‘A’ (Fig. 7). The occurrence of H-bond
throughout the 10 ns simulation is described in Table 3.

Computational alanine scanning

To further determine the contribution of hotspot amino acids
identified above to binding free energy between y—y inter-
actions we performed computational alanine scanning. The
method proposes that a minute local change in the protein
does not affect the overall conformation of the protein—pro-
tein complex. The results obtained by the decomposition of

Fig. 5 Hot spot amino acids. Energy contribution of each amino acid
to the stability of the y-y tubulin dimer calculated using the MM-
GBSA method. C-o atoms of amino acid residues contributing

>4 kcal/mol are marked green spheres while those with a contribu-
tion of 2—4 kcal/mol are marked yellow

the binding free energy and computational alanine scanning
were found to be quite consistent and this indicates the reli-
ability of our analysis. After performing computational ala-
nine scanning for hotspots and, a substantial decrease in the
binding free energy was observed. The mutation to alanine led
to a decrease in the binding affinity, for each hotspots amino
acid, at least by 1.16 kcal/mol, while for Asp252 of chain ‘A’
as well as Asp252 and Arg341 of chain ‘B’, the binding free
energy was decreased by more than 10 kcal/mol using both
MM-PBSA and MM-GBSA methods, thereby reducing the
strength of y—y tubulin lateral association (Table 4). This
reiterates that the hotspots amino acids identified in the
interaction between y—y subunits are very crucial.

@ Springer
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Table 2 Decomposition of

calculated AGy,;,q (kcal/mol) on Residue ABivaw ABice AGisol cB AGisot-np Atiorca
per residue basis into van der Chain A MET249 -6.93 —4.61 8.20 —1.19 —4.53
Xf\f‘;fioilil‘ﬁo;‘oai‘;ofgar ASN250 —4.80 —12.12 15.63 ~0.83 —2.11
solvation energy components ASP252 —0.50 —40.48 35.85 —0.31 —5.45
ARG265 —0.34 —66.03 62.85 -0.27 -3.80
HIE334 —4.92 1.26 0.21 -0.75 —4.20
ARG341 -291 —101.4 101.2 -0.80 -5.87
PRO353 -2.39 -2.60 3.12 -0.50 -2.38
TYR443 —3.44 -2.16 3.48 -0.36 248
ILE 444 -3.11 -2.51 2.51 —0.47 ~3.58
TRP 446 —-6.72 49.44 —45.05 —-1.28 -3.61
Chain B LYS164 —0.07 571 ~7.90 —0.14 ~2.40
MET249 —6.45 —3.78 6.07 -1.18 -5.33
ASP252 —0.66 —24.97 21.49 —0.11 —4.25
ARG265 —0.51 —67.09 64.34 -0.28 ~3.54
HIE334 —4.39 ~3.34 5.51 —0.72 -2.93
ARG341 —1.24 —102.5 98.15 —0.63 -6.23
PRO353 -233 -2.75 3.23 —0.49 -2.33
GLN357 -1.63 —6.28 5.65 -0.25 -2.51
VAL358 —2.08 -2.73 2.78 —0.22 —2.24
TYR443 -3.61 —2.14 3.53 —0.40 —2.62
ILE 444 -2.89 —2.34 2.42 —0.45 -3.27
TRP446 —6.94 49.51 —45.12 —1.34 -3.88

N
L
[0 =

PRO353

Energy contribution (kcal/mol)
N
LYS164
ARG3410—_}

TRP 446

—@— Non-Polar Interactions
—O— Polar Interactions

-10 T T
0 2 4 6 8 10 12 14 16 18 20 22 24

Chain A .
Residues

Fig. 6 The polar and the non polar contributions of residues of chain
A (labelled blue) and chain B (labelled green) in the y-y tubulin
dimer calculated using MM-GBSA method

Predicted binding free energy between mutant y—y
subunits

To develop a refined model of lateral y—y tubulin dimer
interactions in the YTuRC and in the absence of purified
vy—y tubulin dimer, alternatively we have computationally
modelled a mutant structure of y—y homodimer by mutat-
ing a stretch of 5 polar amino acids (Arg339, Arg34l1,

@ Springer

Glu342, Arg343 and Lys344) to Alanine at the interface of
v—y dimer (Fig. 8) and recalculated the binding free energy
between mutated y—y dimer. Besides, Arg341 of chain ‘B’
has a tendency to form multiple H-bonds with Asp252 of
chain ‘A’ at the binding interface. Hence calculated bind-
ing free energy of mutant y—y subunits using both MM-
PBSA and MM-GBSA methods led to substantial decrease
in the total free energy of binding in comparison to wild
type Y—y homodimer. The total binding free energy of the
wild type predicted using MM-GBSA (H,, GB) and MM-
PBSA (H,y, PB) methods was decreased from —85.52 and
—107.76 to —80.17 and —87.02 kcal/mol respectively for
the mutant y—y tubulin homodimer. The van der Waal’s
contribution was comparable for both wild type
(—158.10 kcal/mol) and mutant (—155.06 kcal/mol)
structures. In contrast, the electrostatic contribution of the
mutant structure was found to be less favourable
(410.33 kcal/mol) compared to wild type (—676.57 kcal/
mol). This was anticipated as the polar amino acids which
contributed to the total electrostatic contribution were
changed to Alanine. There was noticeable rearrangement in
the hydrogen bonding pattern between the mutant y—y
tubulin dimer. Overall the number of hydrogen bonds
decreased compared to wild type as shown in Fig. 9.

The experimental production and a functional experi-
mental test of a y—y tubulin dimer is currently not feasible.
Fortunately, because the function of y-tubulin is essential
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Fig. 7 2D representation of
molecular interactions between
the amino acids of the two units
of y-y tubulin (chain ‘A’ and
chain ‘B’). 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 hydrogen
bond lengths in A. Hydrophobic
interactions are shown as arcs
with radial spokes. The Figs was
made using Dimplot [52]
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Asn250 Asp252

Chain A
Table 3 Occurrence (%) of Chain Donor residue Donor Chain Acceptor Acceptor Occurrence Distance
H-bond between the two - atom residue atom (%) ( A)
tubulin units during the 10 ns
MD simulation A Asp252 oD1 B Arg341 NH1 81.1 29
OD2 NH2 69.4 2.9
OD1 NH2 71.5 3
OD2 NH1 58.1 3.1
Trp446 OXT Arg265 NH2 56.6 29
o NH2 40 29
B Gly247 o A His444 NE2 85.6 29
OD1 Arg3 NH1 93.6 2.8
Asp252 OD2 Arg341 NH1 92.3 29
OD2 NH2 30.5 3
Trp446 OXT Arg265 NH2 48 29
o NH2 42 29

for viability and growth of organisms that express it, this
allows at least a test of viability in vivo. Therefore we
sought to further test the effect of changing the entire
cluster of Arg339, Arg341, Glu342, Arg343 and Lys344 to
alanine and then test whether, when expressed in the living
organism (unicellular fission yeast, S. pombe), it can sup-
port viability and growth (see below).

Growth of Alanine scanning mutant in fission yeast
and its phenotype

v-tubulin, a highly evolutionarily conserved protein, is
required for cell division and growth and its loss is lethal in
yeast. However, some mutations that perturb y-tubulin
function produce conditional growth phenotypes [7, 48].
Since we were interested in identifying evolutionarily
conserved features of y-tubulin, we took advantage of the
fact that the human 7y-tubulin gene (TUBGI) can replace

the fission yeast y-tubulin (grbl). Using alanine-scanning
mutagenesis, a series of y-tubulin mutants, which targeted
key residues predicted to be involved in protein—protein
interactions, were generated. To test the effect of the
selected alanine substitution on protein function haploid
yeast cells, wild-type and gtb1-, were transformed with the
alanine mutants. Wild-type TUBG! transformants served
as controls. It was observed that the y—y tubulin mutant
(gtbl-/alanine-TUBG1) was unable to support growth in
the absence of endogenous gtb/+ (referred to as recessive
lethal). This might be attributed to the mutation of key
polar residues to alanine that intercepted the molecular
recognition between adjacent vy-tubulins which led to
malformation of the yTuSC and hence the mitotic spindle.

Therefore, some key features predicted by our compu-
tational model are also consistent with mutant data that
show the featured key amino acid residues (hotspot), when
mutated and expressed into living yeast are insufficient to

@ Springer
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support the growth and hence cell division of the yeast cell.
These observations are consistent with our model although
more comprehensive in vitro assembly data will be

Table 4 Computational alanine scanning results for hotspot residues
at the interface between Y-y tubulin dimer

Hotspot residues AAGgg AAGpg
Chain A MET249 6.43 6.15
ASN250 4.67 5.67
ASP252 17.5 25.0
ARG265 6.72 7.22
HIE334 7.52 4.30
ARG341 10.1 11.8
PRO353 1.72 1.70
TYR443 3.32 1.26
ILE 444 3.11 1.39
TRP 446 2.9 1.42
Chain B LYS164 1.16 1.20
MET249 6.75 5.74
ASP252 10.9 29.8
ARG265 6.52 7.07
HIE334 3.01 1.16
ARG341 134 16.6
PRO353 1.70 1.78
GLN357 2.86 3.15
VAL358 1.28 2.15
TYR443 3.70 2.29
ILE 444 2.94 1.24
TRP446 2.8 1.2

The hotspot residues at the interface between y-y tubulin dimer were
mutated one at a time and recalculated the binding free energy of the
mutant using both MM-GBSA and MM-PBSA methods

necessary for further experimental validation of the model
of the y—y tubulin interactions within the yTuRC.

Conclusions

In this study, the molecular basis of interaction between
two lateral y-tubulin units within the YTuRC were eluci-
dated by making extensive use of molecular mechanics and
molecular dynamics techniques. A refined structure of y—y
tubulin homodimer was obtained based on the initial co-
ordinates from the PDB (PDB_ID: 3CB2, Resolution:
2.3 A). The refined structure was MD simulated to obtain a
10 ns trajectory that was utilized to perform MM-PBSA/
GBSA calculations and binding free-energy decomposition
analyses in order to characterize interactions between two
v-tubulin units. MM-PBSA and MM-GBSA calculations
revealed highly favourable non-polar component. Although
some Columbic contribution were found to be favourable
and probably played a crucial role in the binding site rec-
ognition, the overall polar contribution was less significant
to the overall binding free energy due to penalty imposed
by very large desolvation energy component. Therefore,
the non-polar component was considered as the driver of
the molecular interactions between y—y tubulin. Also, on
the basis of per residue free energy decomposition a total of
twenty-two hotspot amino-acids were identified which
were found to contribute highly (>2 kcal/mol) to the
binding affinity between the two y-tubulins. Computational
alanine scanning was carried out for these hotspot amino
acids resulted in a drop of at least 1.16 kcal/mol for each
hotspot amino acid. On the basis of these findings, a mutant
structure of y—y tubulin homodimer was obtained after

Fig. 8 Mutant structure of y-y dimer. Panel ‘A’ shows the mutant
structure of y-y dimer along with the residues mutated to alanine in
cyan colour spheres. Panel ‘B’ shows the mutated structure of y-
tubulin dimer obtained after 10 ns MD simulation in Amber (blue)

@ Springer

superimposed over the structure of wild type 7y-tubulin dimer
(Orange) obtainedo after 10 ns MD simulations in amber. Calculated
RMSD was 1.75 A
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Fig. 9 2D representation of
molecular interactions between
the amino acids of the two
mutated units of y-y tubulin
(chain ‘A’ and chain ‘B’).
Hydrogen bonding residues are '
shown in green and red for %
chain A and chain B, 32

respectively. The Dashed lines
denote hydrogen bonds, and
numbers indicate hydrogen
bond lengths in A. Hydrophobic
interactions are shown as arcs
with radial spokes. The Figs was
made using Dimplot [52]

Met249

Pr0353

Trpad6 D1
CG

mutating a stretch of five polar amino acids (Arg339,
Arg341, Glu342, Arg343 and Lys344) to alanine. The
results from MM-PBSA and MM-GBSA showed a signifi-
cant drop in the binding affinity between y—y tubulin
interactions. To test whether a subset of these mutant pro-
teins can support life, experimental alanine scanning
mutagenesis was performed and the cDNA encoding the
mutant and the endogenous fission yeast y-tubulin (grbl)
gene was replaced with the mutant y-tubulin gene (TUBGI)
in haploid cells. We found that the y—y tubulin mutant
(gtb1-/alanine-TUBG1) that was predicted to disrupt
interactions was unable to support growth in the absence of
endogenous gthI™ (referred to as recessive lethal). These
findings thus correlate well with our computer predictions
of important residues for y-tubulin interactions.
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