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ABSTRACT 

In the past years, microtubules have been widely studied as interesting target for anti-cancerous 

treatments. Microtubules are cytoskeletal structures, formed by α-β heterodimers, and play 

important roles in several essential cellular processes, especially during mitosis; their 

functionality is linked to a complex polymerization dynamic, influenced by conformational 

changes of tubulin dimers. Microtubule polymerization/depolymerization equilibrium 

alterations may strongly affect the cell homeostasis. Antimitotic drugs, such as colchicine, 

influence the above mentioned equilibrium, leading to mitotic arrest and eventually to cell 

death. The expression of several tubulin isotypes in normal and cancerous cells suggests 

employing drugs with increased specificity for only those isotypes principally expressed in 

cancerous cells and minimizing damages to the healthy ones. In the present work, several 

human tubulin isotypes were built and simulated using molecular dynamics approach to 

elucidate the effect of colchicine on tubulin dynamic. Computational methods underline 

structural modifications of tubulin dimer, such as the intradimer bending and twisting angles, 

related to variations in local fluctuations due to the presence of the drug. Thanks also to 

dimensionality reduction techniques, this research highlights the correlation between the 

motion of the β tubulin M loop and the conformational changes of the tubulin dimer, revealing 

that the action of colchicine is mediated by alterations in the fluctuations of this loop. Future 

studies may be important to highlight the destabilizing action of other colchicine binding site 

inhibitors with lower toxicity than colchicine and high activity on isotypes over expressed in 

cancer cells and implicated in drug resistance.  
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1 Introduction 

The present chapter deals with a general introduction of this master thesis work, summarizing 

the biological background, the aims of the research and the organization of the dissertation.  

Microtubules are cytoskeletal structures involved in several cell functions, including cell shape 

maintenance, cell signaling and cell division; in particular, during mitosis, they form the mitotic 

spindle, which is fundamental to divide the chromosomes. They are composed by α and β 

heterodimers, aligned in head-to-tail fashion, forming linear protofilaments, that bound laterally 

to form a hollow cylindrical polymer. Microtubule functionality is linked to the complex 

process of polymerization and depolymerization, called dynamic instability, which is 

characterized by switching between phases of slow growth and rapid disassembly. The 

molecular mechanism which drives the polymerization process is still unclear and different 

models were proposed in the past years: according to the allosteric model, tubulins in GTP state 

are straighter than those bound to GDP and are more compatible for microtubule integration, 

while, for the lattice model, tubulin dimers adopt curved conformations regardless of the 

nucleotide state and, after integration in the lattice, they are forced to straight conformation due 

to lateral contacts. The debate between these two models is still open and there are evidences 

for both, but anyway conformational state of tubulin is strongly related to microtubule dynamic. 

The polymerization process is fundamental in many cellular functions and the inhibition of 

microtubule dynamic can eventually leads to the arrest of the mitotic process and cellular death. 

In this context, many antimitotic drugs, such as colchicine, have been developed in the past 

years, especially for anti-cancerous therapies. The action of these drugs is highly influenced by 

the expression of different tubulin isotypes, which differ for punctual or restricted structural 

variations: this is a great opportunity to design novel drugs based on specific isotype 

differences, to improve the efficacy of the pharmacological treatment and to reduce the side 

effects.  

Nowadays, the computational studies have exponentially grown thanks to tremendous 

improvements in computer hardware and software, making it possible to simulate biological 

systems consisting of huge number of molecules. Computational Molecular Modeling provides 

tools, as Molecular Dynamic (MD) or Functional Mode Analysis (FMA), for analyzing the 

physical properties of molecular systems with atomic resolution. 
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The aim of the present work is to elucidate the action of colchicine on several human tubulin 

isotypes through molecular dynamics simulations, focusing on the relation between local 

structural rearrangements and conformational changes of tubulin dimer, which influence the 

microtubule stability.  

The thesis is divided in the following sections. 

Chapter 1 is the present introduction. 

Chapter 2 is an overview of the methods used in this work. Molecular mechanics and molecular 

dynamics are firstly described in general, focusing on physical and theoretical aspects; follows 

a description of dimensionality reduction techniques, including Principal Component Analysis 

(PCA) and Functional Mode Analysis (FMA) finally, binding free energy calculation methods 

are presented.  

Chapter 3 is dedicated to the biological background of microtubule, describing the molecular 

structure, the polymerization dynamic, the role in anti-cancerous therapies and the isotype 

expression in humans.  

Chapter 4 is devoted to investigating the conformational changes induced by the presence of 

colchicine in tubulin isotypes αβIIa, αβIII and αβIVa. Molecular dynamics simulation on free 

tubulin dimers are analyzed, focusing on local structural rearrangements and conformational 

modifications, such as intradimer bending and twisting angles. Moreover, Functional Mode 

Analysis (FMA) is performed to identify collective motions related to the variations on residue 

fluctuations.    
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2 Materials and methods 

The present chapter provides a general overview of Molecular Modelling, including the 

theoretical and physical bases behind the computational methods employed in the present 

Master Thesis. In a greater detail, Molecular Mechanics and Molecular Dynamics are 

described together with dimensionality reduction techniques, such as the Functional Mode 

Analysis (FMA), and methods for binding free energy prediction. 

2.1 Molecular modelling 

Molecular modelling includes all theoretical and computational techniques used to investigate 

the behavior and properties of chemical complexes and more specifically subcellular 

constituents such as proteins, membranes, nucleic acids, polymers.  

The complexity and the high number of atoms of the interested systems make impossible an 

analytic resolution of the problem and numerical methods are necessary. The most accurate 

description of a molecular system includes an explicit modelling of the electrons of each atom, 

quantum mechanics or ab initio calculation, that implies solving the electronic Schrödinger 

equation; however, the calculations are computational expensive due to the large number of 

particles considered and this method can be applied only for small systems. Molecular 

Mechanics (MM) approach, instead, is based on force field methods, that ignore the electronic 

motion and calculate the energy of a system as a function of the nuclear positions only 1. MM 

cannot identify properties influenced by the electronic distribution, but can describe systems of 

many thousands of atoms, predicting macroscopic properties. 

2.2 Molecular Mechanics 

Molecular Mechanics method solves the Newton equation of motion for a system of atoms, 

using a potential energy function V to model atom interactions. The potential energy is defined 

by a set of equation and parameters, named force field (FF).  

2.2.1 Potential Energy Function 

The potential energy function is calculated as the sum of two energy contributions, one 

correlated to the bonded interactions between atoms linked by covalent bonds and one to the 

non-bonded interactions (electrostatic and Van der Waals forces):  
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 𝑉 = 𝑉𝑏𝑜𝑛𝑑𝑒𝑑 + 𝑉𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑  (1)  

These components are described by the following equations: 

 𝑉𝑏𝑜𝑛𝑑𝑒𝑑 = 𝑉𝑏𝑜𝑛𝑑 + 𝑉𝑎𝑛𝑔𝑙𝑒 + 𝑉𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙 (2)  

 𝑉𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑 = 𝑉𝑉𝑑𝑊 + 𝑉𝐶𝑜𝑢𝑙𝑜𝑚𝑏 (3)  

The potential energy is a function of the positions (r) of the N particles in the systems:  

 𝑉 = 𝑉 (𝒓𝑁) (4)  

There are several implementations of the potential energy depending on the force filed choice 

and each term can be modelled in different ways according to the specific applications. 

2.2.2 Bonded interactions 

The bonded terms refer to energy variations due to changes in internal coordinates, such as 

bond lengths, bond angles and rotation of bonds1.  

The energy variation due to changes in bond length is typically modelled as a harmonic 

potential: 

 
𝑉𝑏𝑜𝑛𝑑 = ∑

1

2
𝐾𝑖𝑗(𝑟𝑖𝑗 − 𝑟0,𝑖𝑗)2

𝑏𝑜𝑛𝑑𝑠

 (5)  

where 𝑟𝑖𝑗 is the bond length between atoms i and j, 𝐾𝑖𝑗 is the bond stiffness and 𝑟0,𝑖𝑗 is the bond 

length at the equilibrium and depends on the atom types; the summary operator includes all the 

bonds in the studied systems and all the pairs of atoms connected by covalent bonds are 

considered. 

The variation of the bond angle includes three atoms and it is also modelled with a harmonic 

potential: 
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𝑉𝑎𝑛𝑔𝑙𝑒 = ∑

1

2
𝜉𝑖𝑗𝑘(𝜃𝑖𝑗𝑘 − 𝜃0,𝑖𝑗𝑘)2

𝑎𝑛𝑔𝑙𝑒𝑠

 (6)  

where 𝜃𝑖𝑗𝑘 is the bond angle between atoms i, j, and k, 𝜉𝑖𝑗𝑘 is the angle stiffness and 𝜃0,𝑖𝑗𝑘 is 

the bond angle at the equilibrium. 

Bond rotation, instead, affects four atoms linked by covalent bonds and it is modelled by the 

dihedral term:  

 𝑉𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙 = ∑ 𝜓𝑖𝑗𝑘𝑙

𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

[ 1 +  𝑐𝑜𝑠(𝑛𝜙𝑖𝑗𝑘𝑙 − 𝜙0,𝑖𝑗𝑘𝑙)] (7)  

where 𝜙𝑖𝑗𝑘𝑙 is the dihedral angle between atoms i, j, k and l, 𝜓𝑖𝑗𝑘𝑙 is the dihedral stiffness and 

𝜙0,𝑖𝑗𝑘𝑙 is the dihedral angle at the equilibrium.  

 

2.2.3 Non-bonded interactions 

The non-bonded interactions consider the forces between atoms not linked by covalent bond 

and they are divided into long-range interactions, or rather the Coulomb energies, and short-

range ones, such as the Van der Waals.  

For two particles i and j with charges qi and qj the electrostatic energy is described by the 

Coulomb law:  

 𝑉𝐶𝑜𝑢𝑙𝑜𝑚𝑏 =
𝑞𝑖𝑞𝑗

4𝜋𝜖0𝜖𝑟𝑟𝑖𝑗
 (8)  

Figure 2.1 – Schematic representation of three types of bond interaction: A) bond between i-carbon and j-nitrogen 
atoms with bond length of rij B) angle θijk between i-carbon, j-nitrogen and k-carbon atoms C) dihedral angle Φijkl  
between vectors defined by atoms i,j and k,l. 
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where 𝜖0 is the vacuum permittivity, 𝜖𝑟 the relative permittivity and 𝑟𝑖𝑗 the distance between 

the atoms i and j. This equation describes a long-range interaction because the electrostatic 

potential decrease when the interatomic distance increases.  

Short-range interactions, constituted by the Van der Waals forces, are often described by the 

Lennard-Jones 12-6 equation, that consider both the repulsive and attractive effects: 

 
𝑉𝑉𝑑𝑊 = 4𝜖𝑖𝑗 [ (

𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

−  (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

] 
(9)  

 𝑟𝑖𝑗 is again the distance between the atoms i and j, 𝜎𝑖𝑗 is the collision diameter, that is the 

interatomic distance where the Van der Waals potential is equal to zero, and 𝜖𝑖𝑗 is the well 

depth, such as the minimum of the Van der Waals forces. The first term models the repulsive 

effect due to the overlapping of the electron orbitals, while the second one considers the 

attractive long-range forces.  

The non-bonded interactions are very expensive in term of computational cost, because their 

number increases as the square of the number of atoms in the system, and many methods were 

proposed to reduce the computational effort. The cut-off distance, for example, allows to 

calculate non-bonded interactions only for the atoms closer than the cut-off distance; this 

method could generate artifact, especially in the count of the long-range interactions, and more 

accurate methods are normally used, such as shift or switched cut-off, Particle Mesh Ewalds2 

and Multiple Cells3.     

Merging together the bonded and the non-bonded terms, a complete definition of the potential 

energy function is obtained: 

 𝑉 = ∑
1

2
𝐾𝑖𝑗(𝑟𝑖𝑗 − 𝑟0,𝑖𝑗)

2
+ ∑

1

2
𝜉𝑖𝑗𝑘(𝜃𝑖𝑗𝑘 − 𝜃0,𝑖𝑗𝑘)

2
+𝑎𝑛𝑔𝑙𝑒𝑠𝑏𝑜𝑛𝑑𝑠

∑ 𝜓𝑖𝑗𝑘𝑙𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠 [ 1 + cos(𝑛𝜙𝑖𝑗𝑘𝑙 − 𝜙0,𝑖𝑗𝑘𝑙)] + ∑ ∑ {
𝑞𝑖𝑞𝑗

4𝜋𝜖0𝜖𝑟𝑟𝑖𝑗
+𝑁

𝑗=𝑖+1
𝑁
𝑖=1

4𝜖𝑖𝑗 [ (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

−  (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

]}  

(10)  
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2.2.4 Periodic boundary conditions 

All the atoms in the simulated systems are put in a space-filling box of different geometry and 

normally filled with water or other solvents; in order to reduce the edge effects of the walls of 

the box, the periodic boundary conditions (PBCs) are usually applied and the box will be 

surrounded by copies of itself. Dimensions has to be settled respecting the minimum image 

convention: each particle interacts with the closest image of the remaining particles of the 

system but not with itself. The presence of Periodic Boundary Conditions causes imprecisions, 

but still less severe than the error resulting from artificial boundary with vacuum. 

 

2.2.5 Potential energy minimization 

The potential energy function can be represented by a multidimensional surface called Potential 

Energy Surface (PES) and each variation of the internal coordinates of the systems causes a 

variation of the potential energy function and a change in the location of the system in the PES. 

The PES is characterized by various stable states and any movement from these configurations 

corresponds to higher energy state: these points are called local minima and the lowest energy 

point is the global minimum. An energy minimization (EM) can reduce the potential energy of 

the system and to lead it in a stable state; EM is usually fundamental, especially for complex 

system, before starting the simulation to avoid possible collapses. There are two different 

approaches to perform energy minimization: derivative methods and non-derivative methods. 

The first ones are divided into first order methods, such as Steepest Descent and Conjugate 

Figure 2.2 – Representation of Periodic Boundary Condition (PBC): the central box is replicated in copies of 
itself. SOURCE: http://isaacs.sourceforge.net/phys/pbc.html  
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Gradient, that use the direction of the first derivate of the potential energy, the gradient, to reach 

the minimum, and second order methods, such as Newton-Raphson and LBFGS, that use the 

second derivate to find where the energy function change direction. Second order methods have 

a high computational cost, but they are often more accurate than the first order ones.  

2.3 Molecular Dynamics 

Molecular Dynamics (MD) is a computational method able to describe the dynamic evolution 

of complex chemical and biological systems: the trajectories of the interacting particles are 

calculated during the simulation period and the average properties of the system can be derived 

by numerically solving the Newton’s equation of motion.  

2.3.1 Statistical ensemble 

A statistical ensemble defines all the accessible physical states of a molecular system at a 

specific temperature: it is a collection of system configurations which have different microstates 

but identical macroscopic or thermodynamic state. Each microstate is represented by a single 

point in the phase space, that is the space in which all possible physical states of a system are 

represented. Each point in the phase space for a system of N atoms is defined by 6N values 

(three coordinates of position and three components of momentum) and represents a specific 

state of the system. Different points in the phase space can have the same thermodynamic state 

and they form a statistical ensemble. 

The definition of the ensemble is necessary to determine the macroscopic properties of the 

system and different ensembles are usually used: 

• The Micro-Canonical Ensemble (NVE) corresponds to an isolated system and it is 

characterized by a fixed volume, energy and number of atoms; 

• The Canonical Ensemble (NVT) corresponds to a closed system and it is characterized 

by a fixed volume, temperature and number of atoms; 

• The Grand Canonical Ensemble (μVT) corresponds to an open system and it is 

characterized by a fixed volume, temperature and chemical potential; 

• The Isobaric-Ensemble (NPT) is characterized by a fixed pressure, temperature and 

number of atoms. 
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The aim of the MD is sampling the phase space and calculating the ensemble average of the 

macroscopic properties of interest. The ensemble average of property A is determined by 

integrating over all possible configurations of the system: 

 
< 𝐴 > =  ∬ 𝐴(𝑝𝑁, 𝑟𝑁)  𝜌(𝑝𝑁, 𝑟𝑁) 𝑑𝑝𝑁 𝑑𝑟𝑁 (11)  

where 𝐴(𝑝𝑁, 𝑟𝑁) is the observable of interest, r is the atomic positions, and p the momenta. The 

probabily density function 𝜌(𝑝𝑁, 𝑟𝑁)  of the ensemble is given by: 

 
𝜌(𝑝𝑁, 𝑟𝑁) =

1

𝑄
exp [−

𝐻(𝑝𝑁, 𝑟𝑁)

𝐾𝑏𝑇
] 

(12)  

where 𝐾𝑏 is the Boltzmann constant, T the temperature, H the Hamiltonian and Q the partition 

function, expressed by the following equation.   

 
𝑄 =  ∬ exp [−

𝐻(𝑝𝑁, 𝑟𝑁)

𝐾𝑏𝑇
] 𝑑𝑝𝑁𝑑𝑟𝑁 

(13)  

The partition function is the sum of Boltzmann factors over all microstates and expresses the 

accessible states of the system: it relates microscopic thermodynamic variables to macroscopic 

properties. However, the previous equation is not analytically solvable, because the integration 

is extended to all possible states of the system and to overcome this problem the ergodic 

hypothesis is used: over a long period of time the ensemble average is equal to the time average.  

 < 𝐴 >𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒 = < 𝐴 >𝑡𝑖𝑚𝑒  (14)  

where the time-average of the property A is expressed by the equation: 

 
< 𝐴 >𝑡𝑖𝑚𝑒 =  lim

𝜏→∞

1

𝜏
∫ 𝐴(𝑝𝑁(𝑡), 𝑟𝑁(𝑡))𝑑𝑡 ≈

1

𝑀
∑ 𝐴(𝑝𝑁, 𝑟𝑁)

𝑀

𝑖=1

𝜏

𝑡=0

 (15)  
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where t is the time, M is the number of steps in the simulation and 𝐴(𝑝𝑁, 𝑟𝑁) is the instantaneous 

values of the property of interest.  

According to the ergodic hypothesis it is possible to compute an ensemble-average property of 

the system with a sufficiently long simulation (high number of steps), which can exhaustively 

sample the microstates of a specific ensemble.  

2.3.2 Molecular Dynamics implementation scheme 

The purpose of molecular dynamics simulations is to solve the Newton’s equation of motion 

and to obtain atom trajectories (positions and velocities): the acceleration ai of each particle i is 

the derivate of the potential energy V respect to particle position r. 

 
𝑎 = −

1

𝑚

𝑑𝑉

𝑑𝑟
 (16)  

Due to the complexity of the potential energy function, the previous equation cannot be 

analytically solved, and a numerical integration scheme is required. The choice of the 

integration methods and the integration parameters, especially the integration time-step, is 

crucial to avoid instability and correctly sample the phase space. A good time step should be 

less than 1/10 of the period of the fastest harmonic oscillation and there are different integration 

algorithms, for example the Verlet, Leap-frog and Velocity Verlet. 

Figure 2.3 illustrates a generic MD flowchart. Starting atomic positions are known from the 

starting structure (e.g. from the Protein Data Bank), while the starting velocities are chosen 

randomly from the Maxwell-Boltzmann distribution at a given temperature. The potential 

energy is defined according to the chosen force field. At each step the accelerations of particles 

are calculated deriving the potential with respect to the actual atomic positions and new 

positions and velocities are consequently calculated. Positions and velocities as function of time 

form the atomic trajectories. The system reaches an equilibrium state after initial changes and 

this state is a statistical ensemble, that permits to determine macroscopic properties of the 

systems as time averages, for example temperature, pressure, energy, using the ergodic 

hypothesis. After reaching the equilibrium the simulation can be stopped. 
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MD is a deterministic method: the system configuration can be predicted at any time after 

assigning for the first-time atomic positions and velocities. There are also non-deterministic 

methods, like the Monte Carlo, in which the system configuration at each step is stochastic. 

2.4 Dimensionality Reduction Techniques  

Conformational structure of biological systems, especially for proteins, is usually correlated to 

their function and for this reason is fundamental to underline the most probable and stable 

Figure 2.3 – Molecular Dynamics algorithm scheme. Initial atomic positions and velocities are the input data; the atomic 
force Fi  for each atom is calculated deriving the potential energy V, which models the atomic interactions; then the 
acceleration for each atom is calculated using Newton’s equation and atomic positions and velocities are update. The cycle 

is repeated for N steps until the convergence is reached and the system is in an equilibrated state. 
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configurations in a molecular dynamics simulation. However, the complexity of the molecular 

systems often produces dynamics with very large dimensionality and a reduction of degrees of 

freedom is usually necessary to analyze simulation data: Principal Component Analysis 

(PCA)4–7 and Functional Mode Analysis (FMA)8,9 are two techniques commonly used for 

reducing the dimensionality of a data set.   

2.4.1 Principal Component Analysis 

Principal Component Analysis (PCA) is a statistical procedure that can be used to reduce a large 

set of variables into a small set of linearly uncorrelated variables, called principal components 

(PCs); therefore, this technique determines collective motions with the largest contribution to 

the variance of the atomic fluctuations.  

PCA starts with the definition of the covariance matrix of the atomic positions, that is for a 

system of 3N coordinates xi(t) (i=1,2,…,3N) 

 𝐶𝑖𝑗 = < (𝑥𝑖−< 𝑥𝑖 >) >< (𝑥𝑗−< 𝑥𝑗 >) > (17)  

After diagonalizing the covariance matrix, a set of 3N orthonormal eigenvectors (ej) with 

corresponding eigenvalues (𝜎𝑗
2) is obtained; the eigenvectors are then ordered according to 

descending eigenvalues and referred to as PCA vectors. Eigenvectors with highest amplitude 

correspond to motions with largest contribution to the atomic fluctuations; the projections pj(t) 

of the protein positions along the PCA vectors j are therefore calculated in order to highlight 

the mode along the considered vector. 

 𝑝𝑗(𝑡) = [𝑥(𝑡)−< 𝑥 >] ∗ 𝑒𝑗 (18)  

The motion of the protein  quantified as Mean Square Fluctuations (MSF) is the sum of 3N 

contributions from different PCS:  

 
< (𝑥(𝑡) − < 𝑥 > )2 > =  ∑ 𝑣𝑎𝑟(𝑝𝑗) =  

3𝑁

𝑗=1

∑ 𝜎𝑖
2

3𝑁

𝑖=1

  (19)  
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In general, the first PCs represents a large fraction (80-90%) of the atomic MSF. Hence, usually 

the first few PCs are reasonable basis set to analyze the biomolecular simulation. However, a 

functionally relevant mode is in most cases not identical to a specific PCA mode but may be 

distributed over several PCA modes. To overcome this problem, the Functional Mode Analysis 

(FMA) is often used. 

2.4.2 Functional mode analysis 

The aim of FMA is to elucidate collective motions directly related to a specific protein function: 

starting from a set of protein conformations, together with a ‘functional quantity’ f(t) that 

quantifies the protein function of interest (e.g. distance between residues, solvent accessible 

surface), the technique seeks the collective protein motion that is maximally related to the 

functional quantity. Defining a collective vector of protein atoms, a, the motion along a  

maximally correlated to the change in the functional quantity f(t) is called ‘maximally 

correlated motion’ (MCM) 8. The MCM as a function of time t is given by the projection: 

 𝑝𝑎(𝑡) = [𝑥(𝑡)−< 𝑥 >] ∗ 𝑎 (20)  

where < … > denotes the average over all simulation time and x(t) the 3N coordinates for a 

system of N atoms. 

Two measures are used to determine the correlation between f(t) and pa: the Pearson’s 

correlation coefficient, that identifies only linear correlation, and the mutual information (MI). 

The Pearson’s correlation coefficient is defined as 

 
𝑅 =

𝑐𝑜𝑣(𝑓, 𝑝𝑎)

𝜎𝑓𝜎𝑎
 (21)  

where 𝑐𝑜𝑣(𝑓, 𝑝𝑎) denotes the covariance between f(t) and pa(t), and 𝜎𝑓 and 𝜎𝑎 denote the 

standard deviations of f(t) and pa(t), respectively. MCM can be determined maximizing the 

Pearson’s coefficient, but a reduction of the dimensionality of the data set using PCA is 

necessary; vector a can be therefore expressed as a linear combination of the first few PCA 

vectors, d. 
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𝑎 = ∑ 𝛼𝑖𝑒𝑖

𝑑

𝑖=1

 (22)  

where coefficients 𝛼𝑖 denote the coordinates of a with respect to the eigenvector ei. Numerically 

solving the coupled linear set of equations, it is possible to maximize the Pearson’s coefficient: 

 
∑ 𝛼𝑖𝑐𝑜𝑣(𝑝𝑗 , 𝑝𝑘) = 𝑐𝑜𝑣(𝑓, 𝑝𝑘)

𝑑

𝑖=1

 (23)  

with 𝑘 = 1, … , 𝑑. 

If non-linear correlations between the arbitrary function and protein motions occur, the 

maximization of the MI is necessary to obtain the MCM; anyway, the maximization of R or MI 

can lead to overfitting if too many free parameters αi are used in the optimization. To avoid this 

problem, it is convenient to divide the simulation data into frames for model building and for 

cross-validation: the maximization of R or MI is performed on the model building set only, 

obtaining a value of Rm, while the derived model is validating by predicting f(t) using the cross-

validation set only, yielding a correlation Rc. Using this approach, overfitting is indicated by a 

substantially smaller Rc as compared to Rm.  

2.5 Binding free energy prediction 

In biochemical systems, macromolecules normally interact with each other; molecular 

modelling techniques provide several computational methods to estimate the binding energy 

between two molecules, providing a measure of their affinity.  

The standard binding free energy in a non-covalent ligand-protein complex is related to the 

association constant 𝐾𝑖 by the equation: 

 ∆𝐺0 = ∆𝐻0 − 𝑇∆𝑆0 = − 𝑅𝑇 ln 𝐾𝑖  (24)  

where H is the enthalpy, S is the entropy, T is the absolute temperature, R is the gas constant 

and the superscript  "0" means that the binding free energy is evaluated at standard conditions. 
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Therefore, to correctly evaluate the binding energy, both enthalpic and entropic effects must be 

considered. The enthalpic contributions consider standard terms from the Molecular Mechanics 

theory, such as the electrostatic and the Van der Waals interactions, and the contribution to the 

solvation free energy, while the entropic contributions accounts somehow for the flexibility of 

the molecules10.  

The calculation of the binding free energy is computational demanding and approximated 

methods are normally used to define the binding energy with a good compromise between 

computational time and accuracy. Molecular Mechanics Generalized Born/(Poisson 

Boltzmann) Surface Area  (MMGB/(PB)SA) are two of the most used methods for binding free 

energy calculations of complexes formed by small ligands bounded to biological 

macromolecules11.  

The binding energy is calculated as the difference between the energy of the complex (PL) and 

the energy of unbounded receptor (P) and free ligand (L) alone. 

 Δ𝐺𝑏𝑖𝑛𝑑 = < 𝐺𝑃𝐿 >  − < 𝐺𝑃 >  − < 𝐺𝐿 > (25)  

Normally, only the complex is simulated, and the ensemble averages of the free receptor and 

ligand are calculated removing the uninterested atoms from the entire structure, obtaining: 

 Δ𝐺𝑏𝑖𝑛𝑑 = < 𝐺𝑃𝐿 − 𝐺𝑃  − 𝐺𝐿 >𝑃𝐿 (26)  

The energy in each state, P, L and PL, is calculate according to the equation: 

 𝐺 = 𝐸𝑏𝑜𝑛𝑑 + 𝐸𝑒𝑙 + 𝐸𝑉𝑑𝑊 + 𝐺𝑝𝑜𝑙 + 𝐺𝑛𝑝 − 𝑇𝑆 (27)  

The first terms are standards terms from molecular mechanics theory, such as bounded (bond, 

angle, dihedral), electrostatic and Van der Waals interactions. 𝐺𝑝𝑜𝑙 and 𝐺𝑛𝑝 are polar and non 

polar contributions to the solvation free energy. The inclusion of solvent effects is very 

important, because it affects, also the ligand-protein binding. Currently the inclusion of explicit 

water molecules in the system leads to increase the computational time for the free energy 

binding evaluation. Consequently a smart way is to consider water implicitly. Polar contribute 
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represents the energy stored in the continuum dielectric in response to the presence of the 

solute’s charge distribution and it is calculated using a finite-difference solution equation, in 

the MM-PBSA method, or a Generalized Born (GB) pairwise approximation, in the MM-GBSA 

approach, of the Poisson-Boltzmann equation (PBE)12, which is defined by the equation:  

 ∇ ∙ 𝜖(𝒓)∇𝜙(𝒓) = −4𝜋𝜌𝑓(𝒓) (28)  

where ε(r) is a predefined dielectric distribution function for the solvated molecular system, 

ϕ(r) is the potential distribution function, and 𝜌𝑓(𝒓) is the fixed atomic charge density. For 

example, in the generalized Born equation the electrostatic contribution1 is given by: 

 
∆𝐺𝑝𝑜𝑙𝑎𝑟 = −

1

2
∑

𝑞𝑖𝑞𝑗

𝑓(𝑟𝑖𝑗𝑎𝑖𝑗)
(1 −

1

𝜀
)

𝑖,𝑗

 (29)  

where  𝑓(𝑟𝑖𝑗𝑎𝑖𝑗) depends upon the inter-particle distances and the Born radii and 𝜀 is the 

solvent dielectric constant13. 

The non-polar term, instead, is calculated using a linear relation to the solvent accessible surface 

area (SASA).  

 𝐺𝑛𝑝 = 𝛾𝑆𝐴𝑆𝐴 (30)  

where γ is the microscopic surface free energy for formation of a cavity in water (surface 

tension). 

The sum of polar and non-polar terms gives the solvation energy: 

 𝐺𝑠𝑜𝑙𝑣 = 𝐺𝑝𝑜𝑙 + 𝐺𝑛𝑝 (31)  

Finally, the last term in equation (27) is the product of the absolute temperaure (T) and the 

entropy (S)11. The entropy term can be evaluated by either performing a normal mode analysis14 

or a quasi-harmonic analysis15. However the entropy estimate is computationally demanding, 
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thus in order to speed up the calculation it is possible to use low quality empirical evaluations, 

or in particular cases, such as docking approach with a common target, the entropy can be 

neglected16. 
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3 Biological Background 

This chapter provides a description of microtubules, explaining their structure, functions and 

the central role in chemotherapeutic treatments. Then, an overview of Microtubules Targeting 

Agents (MTA) is provided, followed by a description of different human tubulin isotypes and an 

introduction on microtubule modeling. 

3.1 Introduction 

Microtubules play important roles in several cellular processes. They are cylindrical protein 

filaments assembled from αβ-tubulin heterodimers that align in a head-to-tail fashion17. Any 

factor altering tubulin polymerization/depolymerization dynamics may strongly affect the cell 

homeostasis and leads to mitotic arrest, eventually resulting in cell death18. In past years, 

microtubules became targets in cancer therapy for a wide range of molecules, including taxanes, 

vinca alkaloids, macrolides and peptides, able to interfere with the microtubule dynamics19. In 

this context, colchicine and colchicine derivatives have been largely studied as 

chemotherapeutic drugs against cancer.  

3.2 Functions of microtubules  

Microtubules (MTs) with actin microfilaments (MFs) and intermediate filaments (IFs) form the 

cytoskeleton, that is a complex network extended from the cellular nucleus. MTs are involved 

in many cellular processes and three main functions may be identified. First, they act as 

structural elements, supporting cells to maintain their shape: microtubule disruption may lead 

cells to lose their elongated shape or form blebs, caused by the cell membrane extending from 

the cell body in a bulb shape manner20. Secondly, MTs play a role as transportation tracks for 

motor proteins, such as kinesins and dyneins, to perform directed transport inside the cell. 

Finally, MTs assist the cell to position and separate the chromosomes during cell division 

forming the mitotic spindle21. This function is closely related to microtubule dynamic 

instability: MT structure is very instable going through continuous cycling phases of growth 

and rapid shrinkage, called catastrophes18,22. This feature leads to a rapid turnover of 

microtubules and a constant remodeling of the cytoskeleton, which is fundamental for MT 

functionality. 
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The central role of microtubules in cell life make them key targets for pharmacological 

treatments: stabilizing microtubules or enhancing their depolymerization, it is possible to lead 

the cell to apoptosis or block the mitotic process23. In the last years, many studies have therefore 

selected microtubules as target for anti-tumoral drugs, such as colchicine and colchicine 

derivatives, in order to block the rapid and uncontrolled cell division of cancer cells19.   

3.3 Tubulin dimers 

Microtubules are long and hollow biopolymers, with cylindrical shape consisting of αβ-tubulin 

dimers, which are composed by two globular proteins, α and β tubulins. Structurally, α and β 

tubulin are known to be similar from the primary to the tertiary structure level, indistinguishable 

at a resolution of 6 Å24. Each tubulin monomer has a weight of about 50 kDa and can be divided 

into three distinct domains: the amino terminal domain, or Rossmann fold, (composed of 

residues 1–205), an intermediate domain (residues 206–381) and a carboxy terminal domain, 

which contains the flexible C-terminal tail (residues 382–444)25. In solution, each tubulin dimer 

is bound to two GTP molecules, one on each monomer. The nucleotide bound to α-tubulin is at 

the interface between the two monomers, and is nonexchangeable; GTP bound to β-tubulin, 

instead, is exposed to the surface and is exchangeable and can hydrolyze to GDP25,26.  

 

Figure 3.1 - The αβ-tubulin hetero dimer with α-tubulin (right) and β-tubulin (left) together with guanosine-5’-
triphophate, guanosine-5’- diphosphate. The dimer is shown in a side view such that the top part of the monomers 
would constitute the inner interface of the MT while the bottom would be the MT outer surface. In the circles, 
zoomed GTP (α-tubulin) and GDP (β-tubulin) kept in the correspondent nucleotide sites are reported. 

3.3.1 Tubulin domains 

The N-terminal region (Figure 3.2a) consists of six parallel beta strands (S1-S6) alternating 

with five alpha helices (H1-H5). Between each strand and the following helix, there is a loop 

(T1-T5) which interacts with the nucleotide. Other secondary structures, such as turns and 

loops, exist in the region but have not been given specific name. The intermediate region 

α-tubulin β-tubulin

GDP GTP

MG2+
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(Figure 3.2b) contains a mixed beta sheet (B7-B10) surrounded by alpha helices (H6-H10). 

Several loops are present in this region; loop T6 found between B6 and H6, loop T7, between 

H7 and H8, and finally the so-called M-loop, which lies between B7 and H9. Just like for the 

N-terminal region, other loops (e.g., the H6-H7 loop and the B9-B10 loop) also exist in the 

region but have not been named. The C-terminal (Figure 3.2c) is made up by two anti-parallel 

alpha helices (H11 and H12), which lie on the monomer surface in the direction of the 

protofilament. The last 10-20 residues of the C-terminal are known to be highly variable among 

the monomer isotypes and structurally disordered27. As a result, these C-terminal residues have 

not been clearly identified yet from crystal structures and are missing in all available atomic 

resolution structure models. Despite of the extreme part of C-terminal is poorly defined, the 

region also features two alpha helices, which are very peculiar of tubulin monomers. The whole 

C-terminal region is known to be very important for the MT functions, since it regulates the 

interaction with other proteins, such as microtubule associated proteins (MAPs) and motor 

proteins such as kinesin and dynein28.  
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Figure 3.2 - a) The N-terminal region of α-tubulin together with GTP shown in side view with the top closest to 
the MT outside surface and the bottom pointing into the MT lumen. The central core is composed of  parallel beta 
sheets S6 (hidden in the picture), S5, S4, S1, S2, and S3 surrounded by alpha helices. Three of these helices (H5, 
H4, and H3) are positioned above and two (H1 and H2) below the beta core. The loops between each strand and 
the following helix are all close to the nucleotide. b) Intermediate region (α-tubulin) in side view. The central core 
is composed of parallel beta sheets S7, S8, S9, S10 surrounded by alpha helices H6, H7, H8, H10. On the bottom 
the M-loop and the S9-S10 loop are shown. c) C-terminal region (α-tubulin) with the distinctive alpha helices 
(H11 and H12) on the MT surface. 

In summary, the tubulin monomers have a structure characterized by a rigid core with rather 

flexible superficial loops which manage the longitudinal and lateral interactions. For example, 

lateral interactions are largely governed by the M-loop on one side and on the other side by the 

loops H1-B2 and helix H3. The M-loop protrudes from the dimer structure and is quite free to 

move and wiggle. It has been suggested that it acts as a hinge allowing the protofilaments to 

stay closer or further apart into the MT wall depending on the number of protofilaments 

building the MT lattice24. 

3.4 Microtubule architecture 

Bound together in a head to tail fashion tubulin dimers make long protofilaments, which are 

arranged side-by-side in parallel with a relative angle so that the result is a highly regular 

cylindrical lattice structure, in which each dimer is in close contact with four surrounding 

a) b)

c)

a) b) 

c) 
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dimers: two in the same protofilament and the other two in the adjacent protofilaments. 

Different types of MTs exist with several protofilaments ranging between nine and eighteen22. 

In the MT lattice each protofilament is staggered with respect to the next one. Such shift or rise 

means that a chain of monomers circumferentially bound together form a helix rather than a 

ring. The result is a slightly skewed lattice, in which dimers connect indirectly to dimers further 

ahead on the same protofilament. The distance between such two dimers on the same 

protofilament is called pitch, P.  

MTs are usually defined indicating how many protofilaments they consist of and the pitch 

number (e.g., 13:3 indicates a MT with 13 protofilaments and pitch of 3 monomers). 

Combinations of the number of protofilaments and pitch number, which have been theoretically 

predicted to be particularly favorable, are the MTs 10:2, 11:3, 12:3, 13:3, 14:3, 15:3, 16:4, and 

17:429. Usually adjacent monomers are of the same type, i.e., α-tubulin monomers bind laterally 

to α-tubulin monomers and β-tubulins bind to β-tubulins. The exception, however, is when the 

pitch is equal to an odd number of monomers. In this case, adjacent protofilaments will be 

characterized everywhere by αα- and ββ-interfaces, but at the seam, where two adjacent 

protofilaments bind together, they will be characterized by a αβ-interface (Figure 3.3a).  



3 - Biological Background 

24 
 

 
Figure 3.3 - a) MT with seam between the two protofilaments closest to the viewer. b) Four schematic illustrations 
of how dimers in lateral contact form different helices depending on the pitch. From left to right and from top to 
bottom the pitches are a, 2a, 3a, and 4a, where a is the size of the single monomer (~4 nm). For a pitch determined 
by an odd number of monomers, the result is the formation of a so-called seam along which α-tubulins (dark blue 
spheres) bind laterally to β-tubulins (light blue spheres) and vice versa. Such a mismatch among the lateral 
contacts occurs only at the seam, and thus only in MTs with an odd pitch. 

Because of the pitch, a number of protofilaments higher or lower than 13 would imply a 

distortion of the MT lattice where the protofilaments are not straight anymore. However, it has 

been demonstrated that, due to the occurrence of isoforms with specific changes in the amino 

acid sequences of the monomer, 15:3 MTs can still show straight protofilaments as observed in 

the nematode Caenorhabditis elegans30.  

MTs vary in size in accordance to their number of protofilaments. For a 13:3 MT the typical 

inner and outer diameters are about 17 nm and 25 nm, respectively. Lengths range from 1-10 

μm in eukaryotic cells up to 50-100 μm in axons. 

 

 

 

a 2a

3a 4a

b)a)
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3.5 Microtubule polymerization 

Binding together on the plus end of the microtubule, α and β monomers start the polymerization: 

the β-tubulin subunit is exposed on the plus end of the microtubule while the α-tubulin subunit 

is exposed on the minus end. Before the integration in the microtubule wall, tubulin binds a 

GTP molecule that eventually hydrolyzes into GDP after the polymerization; only the tubulin 

dimers at the end of the microtubule stay in the GTP state, forming the GTP-cap. The GTP or 

GDP states influence the stability of the microtubule: tubulin bound to GTP tends to assemble 

into microtubule, while dimers bound to GDP tend to fall apart. For this reason, the loss of the 

GTP-cap leads to the opening of one end of the microtubule and to its depolymerization: once 

the GTP cap is lost, the lateral interactions in the GDP-bound tubulin weaken allowing the 

protofilaments to curl apart, leading to disassembly31.  

Microtubules are therefore polar molecules like actin filaments, with a fast-growing plus end 

and a slow-growing minus end. The minus ends of microtubules are typically anchored at the 

centrosome and grow at slow rates; the highly dynamic plus ends, instead, are free to explore 

Figure 3.4 – Polymerization and depolymerization of microtubule: the construction and the disruption of the 
microtubule depend on the nucleotide state of tubulin dimers.   
SOURCE: https://www.embrn.eu/resources/wiki/microtubules-and-mast-cell-signaling.html 
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the cytoplasmic space by stochastically switching between periods of growing and shortening; 

this switching behavior is termed dynamic instability32. 

3.5.1 Allosteric and lattice model 

MT polymerization is associated with a structural modification of tubulin dimers from curved 

to straight conformations; what is not already clear is if the conformation of tubulin is 

determined by the nucleotide state of β subunit. Allosteric model provides that the binding of 

GTP to free tubulin before assembly leads to a kinked-to-straight conformation switch, making 

the tubulin dimer sterically compatible for microtubule integration; lattice model, instead, 

postulates that free tubulin dimers adopt curved conformations both in GTP and in GDP state, 

and, after the integration in the microtubule wall, dimers are forced to assume the straight 

conformations due to lateral contacts33,34. In the second model the binding to GTP does not 

cause a conformational change.  

 
Figure 3.5 - Allosteric and lattice models of MT. GTP- (orange) and GDP-dimers (blue) can be free (no box), MT-
cap-bound (dotted box), or integrated into the MT body (solid box). The dimmed states denote energetically 
unfavored states. DOI: https://doi.org/10.7554/eLife.34353.002 

The debate between these two models is still open and there are evidences for both.  



3 - Biological Background 

27 
 

In 2009 Bennett at al. proposed a blended model of assembly35: the different nucleotide state of 

tubulin leads to a different intradimer flexibility and therefore the assembly properties of the 

free dimer are better described based on flexibility. In this model free-dimer allosteric effects 

retain importance, but assembly process is dominated by lattice-induced effects. 

3.6 Microtubule targeting agents 

Microtubules are widely used as target for cancer chemotherapy and drugs normally employed 

are called microtubule targeting agents (MTAs). MTAs can be divided into two classes that 

either stabilize or destabilize microtubules36. These agents bind tubulin in at least four binding 

sites: the laulimalide, taxane/epothilone, vinca alkaloid, and colchicine sites.  

Taxanes, including paclitaxel and docetaxel, promote tubulin stabilization, interfering with 

tubulin dynamics; similarly, laulimalide can promote the tubulin-microtubule assembly. On the 

other hand, vinca alkaloids, including vinblastine, vincristine, and vinorelbine, promote 

depolymerization of microtubules. Also colchicine ad its derivatives can promote the 

microtubule depolymerization: the binding of colchicine to β tubulin prevents tubulin to adopt 

a straight conformations, inhibiting microtubule assembly37. The colchicine binding site is one 

of the most important pockets for potential tubulin inhibitors for the development of apoptotic-

inducing chemotherapeutic agents38.      

Figure 3.6 – Principal microtubule targeting agents and their binding site on tubulin and microtubule.  
DOI: 10.1007/s11095-012-0828-z 
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3.6.1 Colchicine and colchicine derivatives 

Colchicine is derived from the seeds and corms of Colchicum autumnale. Extracts of this plant 

were introduced for the treatment of acute gout in the sixth century and have been in continuous 

use for this purpose for more than 200 years. In the last years, colchicine was again studied for 

its antimitotic activity: cancer cells are more susceptible to colchicine poisoning than normal 

ones, because they undergo mitosis at higher rate. The crucial problem in the colchicine 

application is its toxicity, that is largely gastrointestinal in customary doses. Larger doses in 

addition produce disseminated intravascular coagulation, marrow failure, hepatocellular failure, 

and late central-nervous-system dysfunction, among other effects39. Anyway, it is clear the 

importance of the colchicine binding site in microtubule dynamics: many colchicine binding 

site inhibitors (CBSI) have been proposed in the past years and multiple efforts have been made 

to outline new colchicine derivates with lower toxicity37,40–44.  

3.7 Tubulin structures 

In the last twenty years, several crystallographic structures of tubulin have been released and 

are now available from the RSCB Protein Data Bank (PDB). The first tubulin structure, 1TUB, 

was crystallized as a flat Zn2+ induced sheet of antiparallel protofilament-like end-to-end α/β 

dimer repeats, using docetaxel as a stabilizing agent25. In 2000 a new structure, 1FFX, was 

derived from the 1TUB using a stathmin-like domain45. Due to difficulties in fitting electron 

density, these structure contains misalignments and were superseded by 1JFF, in which 

paclitaxel was utilized as a stabilizing agent26. Then the 1TVK was produced using epothilone 

A, which binds at the taxane binding site and stabilizes the MTs46. In 2004 Ravelli et al. discover 

the colchicine binding site, producing the structures 1SA0 and 1SA1, both using a stahmin-like 

domain47. Then the 1Z2B was obtained: in this structure both the colchicine and vinblastine 

binding sites are observed48,49. Finally, in 2014 two high resolution structures were build, the 

3J6E50 and the 4O2B17. The first one contains nine α/β dimers arranged to form a portion of the 

microtubule wall, while the second one contains two dimers, a Stathmin-4 and a tubulin-

tyrosine ligase.  

3.8 Tubulin isotypes 

Even in the same organism there are several genomic copies of α or β tubulin, that differ for 

punctual or restricted structural variations; tubulins characterized by the same mutations form 
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an isoform, if they are common through different species, or an isotype, if they are confined in 

the same organism. Variations of tubulin structure, in particular in the beta chain, highly affect 

microtubule dynamics51; this means that the organism produces specific isotypes of tubulin 

according to the external stimuli to correctly maintain the MT assembly/disassembly 

equilibrium49.  

Several isotypes of α and β tubulin in humans were identified in the last years. Anyway, in this 

work only β tubulin isotypes were considered, because most available data in literature deal 

with this subunit as a target for drugs and the colchicine binding site is located there. In 2006, 

Huzil et al. characterized ten different beta tubulin isotypes βI, βIIa/b, βIII, βIVa/b, βV, βVI, 

βVII and βVIII52.  

Different cells express different tubulin isotypes53. Isotype βI is the most commonly expressed 

in humans and it is also the most common in cancer cells54; in nontumoral tissues βI, βIVb, and 

βV were ubiquitous, βVI was hematopoietic cell-specific, and βIIa, βIIb, βIII, and βIVa had 

high expression in brain, while in tumoral tissues isotypes βII and βIII was usually over 

expressed. Isotypes βII and βIII look therefore as potential targets for cancer therapies. Anyway, 

isotype βII is very abundant in the nervous system and a few other tissues, hence many side 

effects may occur; isotype βIII, instead, is much less widespread than βII55, it is expressed in 

metastatic and aggressive tumors56, it is found only in neurons and not in glial cells57 and it is 

often correlated with drug resistance43. βIII is therefore an excellent target for anti-tumoral 

therapies58,59. In the following figure the isotype expression of the eight major isotopes in 

several tissues is represented.  
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Figure 3.7  – Expression of the eight major tubulin isotypes in normal (a) and cancer (b) tissues.  
DOI: 10.1002/cm.20436 

Based on structural similarity, it is possible to divide some isotypes in different classes and, for 

example, Johnson et al. identify three types40: 

• Type I = {αβI, αβIVa, αβIVb}  

• Type II = {αβIIa, αβIIb} 

• Type III = {αβIII, αβV} 

The different expression of tubulin isotypes is a great opportunity to design novel drugs based 

on isotype specific differences and to improve the efficacy of the pharmacological treatment. 

The expression of several β-tubulin isotypes, in fact, permits to develop drugs with increased 

specificity for only those isotypes expressed principally in cancerous cells59–61. Moreover, a 

chemotherapy drug selected to target a tubulin isotype expressed preferentially in cancer cells 

could potentially minimize damage to non-cancerous cells62. 
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The presence of several tubulin isotypes is also correlated with drug resistance to anti-tubulin 

agents, which is one of the major problem in chemotherapeutic therapies49; several studies have 

highlighted the link between the isotype expression and drug resistance63–66. In this context, 

isotype αβIII seems to be implicated, especially in the resistance to paclitaxel, through a 

mechanism which reduces the microtubule stability: this isotype suppresses the drug’s ability 

to affect MT dynamics directly67. Anyway, the real molecular mechanism which correlate 

isotype expression and drug resistance is not well understood and the only evidence is that the 

over-expression of isotype αβIII, such in case of cancer cells, lead to more dynamic 

microtubules68. 

3.9 Molecular modeling of microtubule 

Cellular mechanics depends on the mechanical and physical properties of MTs, actin 

microfilaments (MFs) and intermediate filaments (IFs), which build the cytoskeleton.  

Several theoretical models have been developed in order to justify some experimental evidences 

demonstrating that the mechanical behavior of the MT could be better described by using the 

elasticity theory for transversely anisotropic structures69–71. Generally, in these theoretical 

models the mechanical properties of the tubulin dimers are assigned based on the experimental 

results on the whole MT, thus following an up-to-bottom approach. The main limitation in this 

approach is that no direct information about the mechanic properties of the single building 

blocks are assumed a priori. On the other hand, a precise information about the spatial 

compliance of the MT is needed, because the reasons lying at the basis of the mechanical MT 

behavior can be investigated only at the atomic level. 

Then, another way to study MT properties is to inspect its mechanical characteristics starting 

from the atomic level by using a bottom-up approach. This means that a direct characterization 

of tubulin dimers and their interactions is needed. Computational Molecular Modeling provides 

tools, as Molecular Dynamics (MD) or Functional Mode Analysis (FMA), for analyzing the 

physical properties of molecular systems with atomic resolution. In the latest years several 

advances on protein mechanics has been obtained by using computational atomistic 

simulations72–79. Since that none specific experimental investigation has been done in order to 

access the mechanical properties of the tubulin dimer, computational studies on single 

monomers cannot be directly related to experimental data. On the other hand, these data could 

be integrated in a hierarchical multi-scale approach aimed at building an entire MT. Then the 
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whole MT model could be simulated mimicking experimental set-ups gaining both the 

possibility to directly compare simulation results with experimental data and the great 

advantage to have a comprehensive understanding about the reasons of the results obtained at 

the atomic scale. 
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4 Human Tubulin Conformational Dynamics and Global 

Correlations Driven by Colchicine Binding 

4.1 Abstract 

Microtubules play important roles in several essential cellular processes, especially in cell 

division, and their functionality is influenced by complex polymerization dynamic, which is 

driven by conformational changes of tubulin. The presence of antimitotic drugs, such as 

colchicine, stabilizes curved conformation of tubulin, preventing the integration in microtubule 

lattice and leading to the arrest of polymerization process and eventually to cell death. In this 

study, the effect of colchicine on three different isotypes, αβIIa, αβIII and αβIVa, was evaluated 

through molecular dynamics simulations with focus on the relation between local structural 

rearrangements and global conformational changes. The presence of colchicine increases the 

fluctuations of the β tubulin M loop for isotypes αβIII and αβIVa, but not for isotype αβIIa; 

according to these variations, structural modifications, including intradimer bending and 

twisting angle variations, occur, suggesting a correlation between the M loop motions and 

conformational changes of tubulin dimer. Thus, computational methods provide an insight into 

the action of colchicine on conformational changes of tubulin dimer, which alter the 

microtubule polymerization process, and underline the effect of isotype expression on drug 

activity.  

4.2 Introduction 

Microtubules (MTs) with actin microfilaments (MFs) and intermediate filaments (IFs) form the 

cytoskeleton, that is a complex network extended from the cellular nucleus. They are involved 

in several biological process, for example supporting cell to maintain its shape, driving motor 

proteins such as kinesins and dyneins, and forming mitotic spindle during cell division. Their 

central role in the mitotic process make them great targets for anticancer therapies since 

cancerous cells proliferate by unregulated cell divisions80: stabilizing microtubules or 

enhancing their depolymerization, it is possible to block the mitotic process and eventually lead 

cells to apoptosis23.  

Microtubules are hollow cylindrical polymers formed from the self-association of two 

monomers, α and β tubulin, into linear protofilaments; many protofilaments joining together 

laterally form the final microtubule78. Structurally, α and β tubulin are known to be similar from 
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the primary to the tertiary structure level, indistinguishable at a resolution of 6 Å24. Each tubulin 

monomer has a weight of about 50 kDa and can be divided into three distinct domains: the 

amino terminal domain, or Rossmann fold, (composed of residues 1–205), the intermediate 

domain (residues 206– 381) and the carboxy terminal domain, which contains the flexible C-

terminal tail (residues 382–444)25. Tubulin dimer binds two molecules of GTP, one for each 

monomer, but only the nucleotide bound to β tubulin is exchangeable and can hydrolyze in 

GDP state25,26. In the polymerization process, free tubulin dimers are integrated in the 

microtubule lattice: tubulin bound to GTP tends to assemble into microtubule and then to 

hydrolyze, while dimers bound to GDP tend to fall apart. The MT lattice, consisting of GTP-

tubulin, is more stable in terms of depolymerization than a lattice of GDP-tubulin73: growing 

end is therefore characterized by the GTP-cap, which enhances stability. Microtubules are 

therefore polar molecules, with a fast-growing plus end and a slow-growing minus end; the plus 

end is characterized by a switching behavior, called dynamic instability, between periods of 

slow growth and rapid disassembly18. The polymerization is a complex process and is 

associated with structural modifications of the tubulin dimers from curved to straight 

conformation: according to the allosteric model, tubulins in GTP state are straighter than those 

bound to GDP and are more compatible for microtubule integration, while, for the lattice model, 

tubulin dimers adopt curved conformations regardless of the nucleotide state and, after 

integration in the lattice, dimers are forced to straight conformation due to lateral contacts33,34. 

The debate between these two models is still open and there are evidences for both, but anyway 

conformational state of tubulin is strongly related to microtubule polymerization35. 

Microtubules are widely employed as targets for pharmacological treatments and drugs which 

bind MTs are called microtubule targeting agents (MTAs). MTAs can be divided into two 

classes that either stabilize or destabilize microtubules36. Destabilizing drugs are widely 

employed in cancer chemotherapy and normally are antimitotic agents, such as colchicine, 

which interfere with tubulin dynamic and block mitosis. Colchicine blocks cell division by 

disrupting microtubules81: after binding in the colchicine binding site at the interface between 

monomers, colchicine stabilizes the curved conformation of tubulin, preventing the integration 

in the microtubule lattice. The crucial problem in the colchicine application is its toxicity, that 

is largely gastrointestinal in customary doses: in the past years, several studies have proposed 

new colchicine binding site inhibitors (CBSIs) and colchicine derivatives with lower 

toxicity37,40–43.  
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Several isotypes of α and β tubulin, that differ for punctual or restricted structural variations, 

are present in humans and different cells express different tubulin isotypes53. The different 

expression of the tubulin isotypes is a great opportunity to design novel drugs based on specific 

isotype differences and to improve the efficacy of the pharmacological treatment. The 

expression of several β-tubulin isotypes permits also to develop drugs with increased specificity 

for only those isotypes expressed principally in cancerous cells60,61: isotype αβIII is considered 

as an excellent target for anti-tumoral therapies because it is over-expressed in tumoral cells, 

but it is less widespread than other isotypes, such as αβI, αβII and αβIV, in normal cells and  it 

is probably related to drug resistance58,59,82.  

The central role of microtubules in cell life and in the anti-cancerous treatments has increased 

the interest on the mechanical and physical properties of these cytoskeletal structures. In this 

context, Computational Molecular Modeling provides tools, as Molecular Dynamics (MD) or 

Functional Mode Analysis (FMA), for analyzing the physical properties of molecular systems 

with atomic resolution. In the past years, several computational studies were focused on the 

characterization of tubulin dimers and their interaction73,76,77, on the conformational changes 

related to MT stability79,83, and on the action of drugs on tubulin78,80,84,85. In this work, 

Molecular Dynamics simulations on different human tubulin isotypes underline the action of 

colchicine on conformational changes of tubulin dimers and highlight the different activity of 

this drug on each isotype.  

4.3 Materials and methods 

In this work, human tubulin isotypes αβIIa, αβIII and αβIVa were selected since they cover all 

possible mutations in the colchicine binding site: isotype αβIII has three mutations, Cys239 to 

Ser, Ala315 to Thr and Thr351 to Val, isotype αβIIa contains only one modification, that is 

Val316 to Ile, while isotype αβIVa has no modifications in this site40.  

Table 4.1  – Colchicine binding site mutations in tubulin isotypes αβIIa, αβIII and αβIVa. 

Isotype Position 

αβIIa   Val316-Ile  
αβIII Cys239-Ser Ala315-Thr  Thr351-Val 
αβIVa     
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4.3.1 Homology modeling of tubulin isotypes 

Human tubulin isotypes αβIIa, αβIII and αβIVa were built by homology modelling using the 

crystal structure 4O2B.pdb17 as template. This structure was chosen due to the high resolution 

(2,3 Å) and the low number of missing residues, only six on the beta chain (from 276 to 281)38.  

First, the starting template was refined, removing uninterested molecules and selecting only 

chains A and B, GTP and Mg2+ contained in the α subunit, and GDP and colchicine contained 

in the β subunit. Missing residues of β tubulin (from 276 to 281) were added using MODELLER 

9.2086 and the best model was selected on the basis of DOPE (Discrete optimized protein 

energy) score.  

The fasta sequences of the tubulin isotypes were downloaded from Uniprot website: for the α 

chain the sequence Q71U36 was selected, for the βIIa the Q13885, for the βIII the Q13509 and 

for the βIVa the P0435080,84. Only β tubulin isotypes and not the α ones were considered, since 

the β subunit is the main binding partner for colchicine and this study is indeed focused on the 

interaction between tubulin and colchicine52. The homology modeling of the different isotypes 

against the above refined template structure 4O2B.pdb was performed using MODELLER 

9.2086; for each isotype, the best model was chosen on the basis of the DOPE score. All models 

showed a sequence identity major than 96,5% and the homology modelling was therefore 

considered a correct method to build the human tubulin models.  

The quality and the reliability of generated models were evaluated using PROCHECK87, 

VERIFY3D88 and ERRAT89, as done in previous literature44,52,77,84.  

4.3.2 System set up 

At each isotype GDP, GTP and Mg2+ ion from the starting template (4O2B) were added. Each 

structure was considered both bound to colchicine and without drug, obtaining six different 

systems for Molecular Dynamics (MD) simulations. Visual Molecular Dynamics (VMD) 

package90 was employed for the representations of molecular systems.  
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MD simulations were performed using GROMACS 5.1.491. The AMBER ff99SB-ILDN 

forcefield92 was chosen and the topologies for GTP, GDP and colchicine were built using 

ANTECHAMBER module93,94, with general amber force field and BCC charge method, and 

ACPYPE95. All systems were solvated using TIP3P explicit water model96, a dodecahedron box 

with a minimum distance between solute and box of 0.45 nm was used and the periodic 

boundary conditions were always applied. Sodium and chlorine ions were added to the system 

to neutralize the charge, maintaining an ionic strength of 150 mM. Each system was minimized 

using the steepest descent algorithm for 1000 steps with a maximum force of 100 kJmol-1nm-1. 

All systems were equilibrated in NVT and NPT ensemble without position restrains only on 

water molecules and sodium and chloride ions: the NVT equilibration phase was performed for 

100 ps using velocity-rescale thermostat97 with the tau constant at 0.1 and the reference 

temperature at 300 K, while the NPT one for 300 ps using Berendsen barostat98 to maintain the 

pressure at 1 atm. Particle-mesh Ewald (PME) method2 was used for electrostatic calculations 

Figure 4.1 – Representation of a simulated structure: tubulin dimer bound to GTP (orange), GDP (pink) and 
colchicine (green). Tubulin domain are highlighted in different colors: in yellow the Rossman fold (1-205), in red 
the intermediate domain (206-381) and in blue the C-terminal domain (382-440/427).  
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with 1.0 nm cutoff, Fourier spacing of 0.2 nm and interpolation order of 4. Finally, each system 

was simulated for at least 200 ns without any restrain with a time step of 2 fs and coordinates 

saved at every 2 ps. For each structure two replicas were also simulated to ensures the 

repeatability of the results.  

4.3.3 Functional mode analysis 

Functional mode analysis (FMA) was used to highlight collective motion maximally correlated 

to the fluctuations of an arbitrary functions, that is the distance of the center of mass of the M 

loop from the center of mass of the whole protein. The chosen function was assumed to be a 

linear function of the Principal Components (PCs), extracted from the first 50 eigenvalues of 

the PCA analysis. After maximizing the Pearson’s coefficients, the FMA underlines the 

contribution of individual PCA vectors to the variation of the selected arbitrary function and 

provides a single collective motion, the ensemble weighted Maximally Correlated Motion 

(ewMCM).  

The trajectories of the three replicas for each isotype were concatenated obtaining a single 

trajectory of 600 ns; first 400 ns were used for the model building set, while last 200 ns were 

used for the cross validation one. Therefore, the model built on the first two replicas predicts 

the fluctuations of the quantity of interest for the third replica.  

The FMA was performed both on the isotypes with and without colchicine. 

4.3.4 Structural analysis 

As done in previous literature79,83, conformational changes of tubulin dimer were further 

investigated since they drastically influenced the microtubule polymerization process. Three 

indices were therefore calculated to describe the relative movement between the two monomers: 

the RMSD of the beta subunit from its starting position, the bending angle variation (θ) and the 

torsion or twisting angle variation (φ). All these indices were calculated on the trajectories 

fitted on the internal beta sheets of the alpha subunit, in particular sheets S4 (133-140), S5 (165-

172), S6 (200-205), S7 (269-273), S8 (313-321) and S10 (373-381); these structures were 

selected because they are quasi-static during the simulation and their RMSD is lower than 0,1 

nm (see 4.7.4). Considering the trajectories fitted on the internal beta sheets of alpha subunit, 

the whole motion can be seen as a movement of the beta monomer respect to the fixed alpha 

tubulin. 
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Figure 4.2 – Representation of bending (a) and twisting (b) angles between α (yellow) and β (orange) tubulin; in 
dimmed gray the starting undeformed structure.    

The RMSD of the beta subunit from its starting position is calculated for each frame of the 

fitted trajectories on the internal beta sheet of alpha tubulin; this quantity is a measure of the 

whole motion of the beta tubulin from the alpha monomer and includes both the bending and 

the twisting motions.  

The bending angle variation (θ) (Figure 4.3a) was defined by two vectors along monomer axes. 

The α axis (A) was defined by the center of mass (COM) of the internal beta sheets of alpha 

monomer and the COM of the internal beta sheets of the dimer in the first frame of the 

simulation. The β axis (B), instead, is defined on each frame of the simulation, connecting the 

COM of internal beta sheets of beta monomer and the COM of the internal beta sheets of the 

dimer. The angle subtended by the two axes was calculated as:  

𝜃 = 180 − cos−1(
𝑨. 𝑩

|𝑨||𝑩|
) 

The twisting angle variation (φ) (Figure 4.3b) was instead calculated as the angle subtended by 

the axes of the sheets S10 of each monomer minus its starting values. 

a) b) 
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Figure 4.3 - Representation of bending (a) and twisting (b) angles between α (yellow) and β (orange) tubulin; in 
dimmed gray the starting undeformed structure. In the middle of the figure the sheets used for angle calculation 
are highlighted and on the right side the considered angles are sharpened. 

4.4 Results  

4.4.1 Model Validation 

The first step was the validation of the structures generated with the homology modeling, based 

on the DOPE scores and on the analysis with PROCHECK, VERIFY3D and ERRAT.   

The DOPE scores for template and isotypes αβIIa, αβIII and αβIVa are respectively -112542,7, 

-110576,4, -110926,6 and -110307,4. The PROCHECK analysis shows that more than the 

95,4% of the residues are in most favored regions in the Ramachandran plot for all isotypes and 

no residues are in the disallowed regions, except for the template structure that exhibit 0,1% of 

the residues in those regions. Finally, according to the VERIFY3D analysis, more than the 

a) 

b) 
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96,77% of the residues exhibit averaged 3D-1D score major or equal than 0,2 and the overall 

quality factor from ERRAT analysis is higher than 77,26.  

These data indicate the good quality of the generated models. More details are provided in the 

Supporting Information section (4.7.1). 

The first analysis of molecular dynamics simulations was performed to check the stability of 

the structures; the RMSD of the backbone atoms from the starting structure was calculated for 

the template, 4O2B, and for each isotype with and without colchicine during 200 ns of 

simulation (see 4.7.2). The RMSD shows that all the structures simulated reach the 

convergence, with values under 0,4 nm. Moreover, clustering the last 50 ns of simulations with 

a cutoff of 0,15 nm, only one cluster was identified, confirming that simulations have reached 

an equilibrated state.  

This analysis was repeated also for each replica to ensure the stability for all configurations.  

In the following, local effects of the presence of colchicine were firstly analyzed, considering 

the fluctuations in the colchicine binding site and the variations of the secondary structure; then, 

global effects were further investigated, focusing on conformational changes of the whole 

tubulin dimer and their correlations with local rearrangements. 

4.4.2  Local effects induced by the presence of colchicine 

In the following the colchicine binding site will be considered composed by S9 (349-354) and 

S8 (310-318) sheets, H7 (223-241) and H8 (250–258) helices, and T7 loop (242-249) of the β-

tubulin, and αT5 loop (173-181) of the α-tubulin47,99. 

In order to underline different affinities between colchicine and each isotype, the binding energy 

was calculated using the MM-GBSA methods. For this purpose, the last 40 ns of simulation 

were considered and 200 frames were extracted. The binding energy calculated with the MM-

GBSA method is reported in Table 4.2. 
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Table 4.2 - Binding energy of tubulin isotypes αβIIa, αβIII, and αβIVa with colchicine calculated using the MM-
GBSA approach and expressed in kcal/mol 

Results from the MM-PBSA calculations are consistent with the previous ones (see 4.7.3).   

For both methods, colchicine is a binder for all isotypes because its binding energy for tubulin 

assumes low negative values. Considering the standard deviations of the mean values of energy 

and the approximations introduced by these methods, the three isotypes show similar affinity 

for colchicine and it is not possible to rank the three isotypes based on their affinity.  

Moreover, the RMSD of colchicine compared to the starting position of the drug in the template 

structure in the last 50 ns of simulation is plotted in Figure 4.4a for each simulated structure. 

Colchicine inside the template structure shows lowest values of RMSD, like those obtained 

from isotype αβIIa: in these structures, colchicine tends to not deviate from the starting position. 

In isotype αβIII, instead, the RMSD exhibits the highest values and colchicine shows large 

deviation from the original position. The snapshot of colchicine position in the last frame of 

simulation is acquired for each structure and the overlapped snapshots are represented in Figure 

4.4b. 

Protein ΔEvdw ΔEele ΔEgas ΔEsol ΔEbind 

αβIIa -58,93 ± 2,42 -3,98 ± 1,54 -62,93 ± 2,9 8,18 ± 1,44  -54,74 ± 2,47  

αβIII -68,24 ± 2,09  -2,32 ± 2,40  -70,57 ± 3,12  10,93 ± 2,30 -59,64 ± 2,45 

αβIVa -64,79 ± 2,83 -3,15 ± 4,15 -67,94 ± 4,47  10,40 ± 3,18  -57,54 ± 2,69 
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In order to highlight local differences between each isotype in presence of colchicine, the 

RMSD of the colchicine binding site from the original position in the template structure was 

calculate during the last 50 ns of simulation (Figure 4.5).  

The RMSD of the colchicine binding site exhibits lowest values for the isotype αβIIa, 

suggesting that colchicine induces greater local destabilization in isotypes αβIII and αβIVa. 

Secondary structure modifications of the colchicine binding site induced by the presence of 

colchicine were further investigated. The most relevant structures belonging to the colchicine 

binding site were analyzed with STRIDE100,101 using the last 40 ns from simulation trajectories 

a) b) 

Figure 4.4 – a) RMSD of colchicine from its starting position in the template structure in the last 50 ns of 
simulation; b) overlap of colchicine molecules from the last frame of simulation. In black colchicine bound to the 
template structure, in red to isotype αβIIa, in green to isotype αβIII and in blue to isotype αβIVa.   

Figure 4.5 – RMSD of the colchicine binding site from its starting position in the template structure in the last 50 
ns of simulation for isotypes αβIIa (red), αβIII (green) and αβIVa (blue).   
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and mediating the distributions of the secondary structure over all used frames. The probability 

of secondary structure is plotted in Figure 4.6 for each isotype.  

The presence of colchicine not significantly alters the secondary structure of the colchicine 

binding site, except for H8 helix in the isotype αβIVa; this structure tends to unfold in presence 

of colchicine.  

4.4.3 Global effects induced by the presence of colchicine 

In order to underline the most fluctuating regions in the isotype structures, the root mean square 

fluctuations (RMSF) were analyzed: this index shows the degree of movement of the C-alpha 

atoms around their average positions for each residue. Therefore, more flexible regions show 

higher values of RMSF. The following graph represents the average RMSF over the three 

replicas for the β subunit calculated for each isotype bound to colchicine.  

Figure 4.6 – Secondary structure probability in the colchicine binding site during the last 40 ns of simulation 
for isotypes a) αβIIa, b) αβIII and c) αβIVa with colchicine and for the same isotypes d),e),f) without colchicine  

a) b) c) 

f) e) d) 
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From the RMSF analysis the most flexible regions are the loops H1-S2, T1, T2, T5, H6-H7 and 

M, the H8 helix and the S9 sheet. The isotype αβIIa shows highest fluctuations in the loop T5 

and lowest in the T1 loop, while the M loop of the isotype αβIII is the most flexible. T5 is 

crucial for binding nucleotide and for longitudinal contacts85; M loop, instead, interacts with 

H1-S2 loop in adjacent protofilament and it is therefore implicated in lateral interactions78. All 

isotypes show high values of RMSF for the M loop, highlighting the possibility that the 

fluctuations of this structure could be implicated in important conformational changes. 

The RMSF of the α and β subunits were calculated also for the isotypes not bounded to 

colchicine and for each structure the average RMSF between the three simulated replicas is 

derived. The average RMSF in correspondence of the M loop (273-285) calculated on the α 

subunit exhibits very similar values both for isotypes bounded to colchicine and for those 

without drug and the M loop is not the structure with maximum fluctuations (see 4.7.5). In the 

β subunit, instead, the fluctuations of the M loop seem higher for isotypes αβIII and αβIVa 

bounded to colchicine, while for isotype αβIIa there is no appreciable differences between the 

cases with or without colchicine. In the following figure, the RMSF of the beta subunit for 

isotypes with and without colchicine is represented.  

T5 
(171-179) H6 - H7 

(216-222) 

H8 
(250-258) 

S9 
(349-354) 

M 
(273-285) 

H3 
(101-127) 

H1 - S2 
(30-46) 

T2 
(67-71) 

T1 
(55-58) 

Figure 4.7 – Average RMSF of beta tubulin between the three replicas for isotypes αβIIa (red), αβIII (green) and 
αβIVa (blue) bound to colchicine; dotted lines represent residue modifications in the colchicine binding site.   
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Since the fluctuations of the M loop are much higher in the beta subunit and the differences 

between structure with and without colchicine appear evident only in the RMSF of the beta 

monomer, we decided to focus our attention only on this subunit. This is reasonable also 

because mutations of isotypes are restricted to the beta monomer and colchicine interacts 

predominantly with this subunit.  

a) 

b) 

c) 

Figure 4.8 – Average RMSF of beta tubulin between three replicas for isotypes a) αβIIa, b) αβIII and c) αβIVa; in 

black structure without colchicine, in red isotype bound to colchicine.  
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Since colchicine is known as a destabilizing agent, conformational changes of tubulin were 

studied: the RMSD of the beta subunit from its starting position, the bending angle variation 

(θ) and the twisting angle variation (φ) were calculated as described in section 4.3.4 for both 

isotypes with and without colchicine. The averages of these indices between the three replicas 

were calculated in the last 50 ns of simulation, corresponding to the equilibrium states.  

 
Figure 4.9 - a) Average bending angle variation, b) average twisting angle variation and c) average  RMSD of the 
beta subunit during the last 50 ns of simulation between the three replicas for isotypes αβIIa, αβIII and αβIVa  
with colchicine (in red) and without colchicine (in black). 

The three isotypes respond in different ways to the presence of colchicine, modifying 

preferentially their bending or twisting angle: isotype αβIIa exhibits no appreciable differences 

in presence or absence of colchicine, while isotypes αβIII and αβIVa display an increasing in 

twisting and bending angles respectively. Isotype αβIII is characterized by a torsion angle 
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variation of 8,38±1,34 degrees when bounded to colchicine and of -0,51±1,72 degrees without 

drug; isotype αβIVa instead shows a higher bending angle variation when bounded to colchicine 

(9,07±0,98 degrees) than in absence of the drug (5,45±0,93 degrees). The RMSD considers the 

complete motion of the beta subunit from its starting position, considering both bending and 

twisting deformations: only isotype αβIV shows an appreciable difference in this value between 

the colchicine bound and unbound states. This is consistent with the angle variation data 

because the bending motion is more destabilizing than the torsion one.  

The different behavior of the three isotypes is plotted in Figure 4.10 in a scatter chart, in which 

the x-axis represents the bending angle variation and the y-axis the twisting one: from the last 

50 ns of simulation a frame every 200 ps is considered, the bending and the twisting angle 

variation are calculated for each isotype and the average values between the three replicas are 

plotted. For each structure we obtain 250 couples of values representing the conformational 

state of the referred structure at a specific time. The same procedure is repeated both in presence 

and in absence of colchicine to underline the conformational change due to the action of the 

drug. 
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From the previous figure is evident that the conformational changes of the isotype αβIIa are not 

relevant, while isotypes αβIII and αβIVa exhibits preferentially twisting and bending variations 

respectively in presence of colchicine.  

4.4.4 Functional mode analysis 

Functional mode analysis (FMA) was used to reduce the system dimensionality and to underline 

the structural modification of tubulin due to the M loop fluctuations. This analysis detects the 

ensemble weighted Maximally Correlated Motion (ewMCM), that is the collective motion 

maximally correlated to the selected arbitrary function f, which is, in this case, the distance 

between the center of mass of the M loop and the center of mass of tubulin.  

Table 4.3 summarizes the values of the Pearson’s coefficients for the model building set (Rm) 

and for the cross-validation one (Rc). 

 

a) b) 

c) d) e) 

Figure 4.10 – Average bending and twisting angles from the last 50 ns of simulation between the three replicas 
for isotype αβIIa (black), isotype αβIII (red) and isotype αβIVa ( green); a) isotypes without colchicine, b) 
structures bound to colchicine, c), d) and e) isotype with colchicine in full color and without colchicine in dimmed 
color.  
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Table 4.3 – Pearson’s coefficients for the model building set (Rm) and the cross-validation set (Rc). 

 
Validation of the linear model 

Rm Rc 

Isotype  
with 

colchicine 

2A 0,9857 0,8557 

3 0,9797 0,9561 

4A 0,9355 0,8291 

Isotype 

without 

colchicine 

2A 0,9859 0,9429 

3 0,9914 0,8244 

4A 0,9747 0,826 

Pearson’s coefficients are always higher than 0,8 for both the model building and cross 

validation sets, confirming the existence of correlation between the fluctuations of the M loop 

and the motion of the whole dimer. Each isotype without colchicine show higher values of Rm 

than the corresponding isotype bounded to the drug.  

The complex motion of tubulin may be spread over several PCA modes and it is therefore 

interesting to quantify the influence of different PCA modes on the linear models obtained. The 

percentual contributions of different PCs to the linear model which approximates the arbitrary 

function f are represented in Figure 4.11.  
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The previous figure shows that the first PCs have a great influence for the models relative to 

isotypes not bound to colchicine, especially for isotype αβIVa where the first PC has a 

contribution of 77% to the variance of the model. The presence of colchicine modifies the 

contribution of the PCs: for isotype αβIIa there are no appreciable differences between the 

presence or absence of colchicine, while for both isotypes αβIII and αβIVa also PCs with high 

indices contribute to the variance of the model.  

 

 

a) 

b) 

c) 

Figure 4.11 -  Contribution of the ith PC to the variance of the linear model for isotypes a) αβIIa, b) αβIII and c) 

αβIVa; in black structure without colchicine, in red isotype bound to colchicine. 
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4.5 Discussion 

Results from Molecular Dynamics simulations reveal the effect of colchicine on human tubulin 

isotypes, αβIIa, αβIII and αβIVa. The three isotypes exhibit similar affinities for colchicine and 

the drug is considered as a good binder, because high negative values of binding energy were 

obtained with both the MM-PBSA and MM-GBSA methods; the obtained values are similar to 

those available from previous work1s84. However, due to the high approximations introduced 

by these methods102, it is not possible to rank the isotypes based on their affinity for colchicine 

and therefore correlate affinity data with drug’s activity. Both the RMSD of colchicine and 

colchicine binding site show higher values for isotypes αβIII and αβIVa, suggesting that these 

isotypes are more sensitive to the presence of the drug and its destabilizing effect is more 

evident on local rearrangements; anyway, the colchicine does not significantly alter the 

secondary structures in the colchicine binding site, and its action in therefore analyzed on global 

conformational changes of the entire tubulin dimer. From the RMSF analysis appears that the 

M loop (273-285) on the beta tubulin is the most fluctuating structure for all isotypes and the 

presence of colchicine enhances the fluctuations of this sequence for isotypes αβIII and αβIVa, 

but not for isotype αβIIa. The RMSF analysis for the α tubulin shows that the M loop is not the 

most fluctuating structure, it exhibits lower values of fluctuations and there are no appreciable 

differences between the presence or the absence of colchicine; then, only the M loop on β 

tubulin was considered. It is interesting that M loop is crucial for binding stabilizing drugs, such 

as taxanes85, but also with colchicine its motion is altered; moreover, Mitra and Sept identify a 

reduction in the M loop fluctuations in presence of taxol and this results is consistent with this 

study because taxol is a stabilizing drug and induces the opposite effect of colchicine78. M loop 

is known to be crucial for lateral interactions, binding loop H1-B2 on adjacent protofilament, 

and to act as a hinge allowing the protofilaments to stay closer or further apart into the MT 

wall24; variation in its flexibility and motility therefore strongly affect the MT stability, as 

expected by the presence of destabilizing drug, such as colchicine. Variations on M loop 

fluctuations are correlated to conformational changes of tubulin dimers: isotype αβIIa, in fact, 

shows similar values of bending and twisting angles both in the colchicine bound and in the 

free state, while isotypes αβIII and αβIVa exhibit greater structure modifications. However, 

isotype αβIII preferentially modifies its twisting angle, while isotype αβIVa the bending one. 

Bent structures show bending angles variations of 5-9 degrees and these values are consistent 

with study by Grafmüller and Voth79. The different behavior between the tubulin isotypes 

suggests a higher activity of colchicine on isotype αβIVa, since the bending deformation is 
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more destabilizing than the twisting one; the torsion mode, in fact, is partially mitigate by steric 

hindrance of adjacent dimers after the integration in the MT lattice. The similar conformational 

state of isotype αβIIa, instead, is probably due to a very poor activity of colchicine on this 

isotype, despite its good affinity. The previous results underline also the role of the M loop in 

conformational changes of tubulin: modifications in its fluctuations lead to a variation in the 

motion of the entire tubulin. It is also interesting that the motion of the M loop only on β tubulin 

influences the conformational changes of the whole αβ-heterodimer. This correlation is further 

confirmed by the Functional Mode Analysis (FMA): the motion of the M loop, estimated as the 

distance between its center of mass and the center of mass of the tubulin dimer, exhibit high 

correlations with the entire motion of the dimer, confirming that the M loop is crucial for the 

collective motion. From the analysis of the contributions of different PCA vectors to the 

variance of the linear model of the FMA it is found that for colchicine free isotypes only the 

first PCs are influent on the model, while in presence of the drug also PCA vectors with higher 

indices contribute to the variance of the model, but, again, only for isotypes αβIII and αβIVa. 

Since only isotypes αβIII and αβIVa show important conformational changes, principal modes 

with lower amplitude and higher frequency may be responsible of structural rearrangements.  

4.6 Conclusions 

Microtubules are cytoskeletal structures involved in many essential cellular functions, including 

mitosis. Microtubule functionality is strongly influenced by a complex polymerization process 

and any factor altering tubulin dynamics may strongly affect the cell homeostasis and leads to 

mitotic arrest, eventually resulting in cell death. In past years, microtubules became targets in 

cancer therapy for a wide range of molecules, including taxanes, vinca alkaloids, macrolides 

and peptides, able to interfere with the microtubule dynamics. In this context, antimitotic drugs, 

such as colchicine and colchicine derivatives, have been largely studied as chemotherapeutic 

drugs against cancer.  

In this study, molecular dynamics simulations have been performed to highlight the action of 

colchicine on free tubulin dimers of human isotypes αβIIa, αβIII and αβIVa. The inhibitory 

action of the drug does not affect local variations in the colchicine binding site, but it is mediated 

by a variation on the fluctuations of the M loop in the beta tubulin, which has a crucial role in 

the global conformational changes of tubulin dimer. The different behavior of the three isotypes 

in presence of colchicine may be related to a different activity of the drug depending on 

modification on the residue sequence: only isotypes αβIII and αβIVa are sensitive to the 
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presence of colchicine, showing increased fluctuations on the M loop and higher 

conformational changes. However, isotype αβIII preferentially modifies its twisting angle, 

while isotype αβIVa the bending one. Since the bending motion is the most destabilizing, the 

activity of colchicine is therefore highest on isotype αβIVa, while it is almost negligible on 

isotype αβIIa, which does not show any appreciable difference in its conformational state 

between the presence or the absence of the drug. Finally, FMA confirms the correlations 

between M loop fluctuations and conformational changes, showing that in presence of 

colchicine also the PCA vectors with higher indices, associated to modes with lower amplitude 

and higher frequency, are influent on the collective motion, but again only for isotype αβIII and 

αβIVa.  

Future studies may be essential for highlight the action on tubulin dynamic of other colchicine 

binding site inhibitors with less toxicity, focusing on the effect on the fluctuations of the M loop 

and dimer conformational changes. Moreover, future developments may provide new drugs 

with high activity only on isotype αβIII, which is a great target for anti-tumoral therapies and 

is known to be related to drug resistance. 
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4.7 Supporting information 

4.7.1 Homology modelling 

The best structure built with the homology modelling was chosen based on the lowest values 

of the DOPE score. The comparison between the dope profiles of the template and the built 

model are represented in following figures. 

 

 

Figure 4.12 - Dope profile comparison between the template structure (green) and the obtained model (red) for 
the 4O2B structure 

Figure 4.13 - Dope profile comparison between the template structure (green) and the obtained model (red) for the  
isotype αβIIa. 
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Then, the quality of the generated models was evaluated using PROCHECK, VERIFY3D and 

ERRAT tools. 

PROCHECK analysis provides the Ramachandran plot for each generated model: Phi and Psi 

angles for each residue are plotted, defining most favored, allowed and not allowed regions.  

The template model has 95,9% of the residues in the most favored regions, 3,8% in the 

additional allowed region, 0,1% in the generously allowed regions and 0,1% in  the disallowed 

regions. Percentages for isotype αβIIa in the same regions are respectively 95,8%, 4,1%, 0,1% 

Figure 4.14 - Dope profile comparison between the template structure (green) and the obtained model (red) for the  
isotype αβIII. 

Figure 4.15 -  Dope profile comparison between the template structure (green) and the obtained model (red) for 
the  isotype αβIVa. 
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and no residues in the disallowed regions; for isotype αβIII 95,6%, 4,2%, 0,1% and 0%; for 

isotype αβIVa 95,4%, 4,5%, 0,1% and 0%.  In  the Figure 4.16 the Ramachandran plots of each 

model are represented.  

The Overall Quality Factor obtained whit the ERRAT tool is 86,68 for chain A and 91,17 for 

chain B for the template model. For isotype αβIIa these values are respectively 79,12 and 88,31; 

for isotype αβIII 80,29 and 84,73; for isotype αβIIVa 77,26 and 84,96. 

The VERIFY3D test is considered passed if a high percentage of the residues has an averaged 

3D-1D score higher then 0,2. All models pass the VERIFY3D test showing percentages of 

96,77% for the template model, 98,85% for isotype αβIIa, 98,15% for isotype αβIII and 97,69% 

for isotype αβIVa. 

a) 

d) 

b) 

c) 

Figure 4.16 – Ramachandran plot for a) the template and for isotypes b) αβIIa, c) αβIII and d) αβIVa. 
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Results from these tools suggest that the generated models are acceptable.  

4.7.2 RMSD of simulated structures 

Figure 4.17 shows the RMSD of the simulated structures from their starting point during the 

200 ns of simulation.  

Analogous graphs were obtained for each replica to ensure the stability for all configurations.  

4.7.3 Binding energy prediction 

The binding energy was also calculated using the MM-PBSA methods. For this purpose, the 

last 40 ns of simulation were considered and 40 frames were extracted. 

The binding energy calculated with the MM-PBSA method is reported in Table 4.4.  

Table 4.4 - Binding energy of tubulin isotypes αβIIa, αβIII, and αβIVa with colchicine calculated with the MM-
PBSA approach and expressed in kJ/mol 

 

Isotype ΔEvdw ΔEele ΔEpol ΔEsasa ΔEbind 

αβIIa -58,10 ± 2,21 -2,70 ± 0,73  19,49 ± 1,20 -4,21 ± 0,20 -45,52 ± 2,28 

αβIII -68,33 ± 1,71 -1,47 ± 1,02 20,93 ± 1,62  -4,45 ± 0,17 -53,32 ± 2,47 

αβIVa -64,96 ± 2,81 -1,13 ± 1,25  23,27 ± 1,93  -4,60 ± 0,18 -47,42 ± 2,92 

Figure 4.17 – RMSD of tubulin backbone atoms from the starting structure during 200 ns of simulation for 
structures with colchicine (a) and without colchicine (b). Template structure, 4O2B, is represented in black, 
isotype αβIIa in red, isotype αβIII in green and isotype αβIVa in blue.  

a) b) 
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4.7.4 RMSD of internal beta sheets 

Structural analysis, such as the bending angle variation (θ), the torsion angle variation (φ) and 

the RMSD of the beta subunit were calculated on trajectories fitted on the internal beta sheets 

of the alpha subunit; these sheets were assumed as quasi-static structure because their RMSD 

assumed very low values during simulations (Figure 4.18).  

 

4.7.5 RMSF of alpha tubulin 

The average RMSF of α tubulin between the three replicas during the whole simulations was 

calculated for each isotype in presence and in absence of colchicine.  

a) 

b) 

c) 

Figure 4.18 – RMSD of the internal beta sheets in the alpha tubulin during 200 ns of simulation for isotypes a) 
αβIIa, b) αβIII and c) αβIVa; in black structure without colchicine, in red isotype bound to colchicine  
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Contrary to the RMSF values for the β tubulin, the M loop (273-285) is not the most fluctuating 

structure and there are no appreciable differences in its fluctuations in presence or in absence 

of colchicine.  

 

 

a) 

b) 

c) 

Figure 4.19 - Average RMSF of alpha tubulin between three replicas for isotypes a) αβIIa, b) αβIII and c) αβIVa; 
in black  structure without colchicine, in red isotype bound to colchicine 
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4.7.6 Functional Mode Analysis 

The FMA assumes that the arbitrary function f, that is in this case the distance between the 

center of mass of the M loop of the β tubulin and the center of mass of the dimer, is a linear 

function of the Principal Components (PCs). The validation of the linear model is graphically 

represented in Figure 4.20, where models derived from the model building and cross validation 

sets are plotted with the arbitrary function fluctuations. 
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Since the data set was divided into the model building and cross-validation sets, the Pearson’s 

coefficients were obtained for both the series. The following figures represent the scatter plot 

(data vs model) together with the Pearson’s coefficients for both the model building set (Figure 

4.21) and the cross-validation set (Figure 4.22). 

a) b) 

c) 

e) f) 

d) 

Figure 4.20 – Validation of the linear model obtained with the FMA analysis for isotypes a) αβIIa, c) αβIII and e) 

αβIVa with colchicine and for the same isotypes b),d),f) without colchicine. In black the arbitrary function, that is 

the distance between the centers of mass of the M loop and the tubulin dimer as a function of time, in red the model 
building curve and in green the cross-validation curve. 
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Figure 4.21 – Scatter plot (data vs model) of the model building set with the Pearson’s coefficient for isotypes a) 
αβIIa, c) αβIII and e) αβIVa with colchicine and for the same isotypes b),d) and f) without colchicine. 
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Figure 4.22 – Scatter plot (data vs model) of the model cross-validation set with the Pearson’s coefficient for 
isotypes a) αβIIa, c) αβIII and e) αβIVa with colchicine and for the same isotypes b),d) and f) without colchicine. 
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Then the RMSF of the ewMCM was estimated for each isotype.  

The RMSF shows high fluctuations of the M loop (273-285): this was expected because the 

arbitrary function is clearly correlated with the fluctuations of this structure. The RMSF 

therefore confirms that the FMA has correctly worked, correlating the motions of the M loop 

with conformational changes of the whole tubulin.     

Figure 4.23 - RMSF of beta tubulin of ewMCM  for isotypes a) αβIIa, c) αβIII and e) αβIVa with colchicine and 
for the same isotypes b),d) and f) without colchicine. 

a) 

c) 

e) 

b) 

d) 

f) 
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