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I microtubuli e le proteine motore ad essi associate, come chinesine e dineine,
sono strutture del citoscheletro che hanno un ruolo fondamentale in molti dei
processi fisiologici che avvengono nelle cellule eucariote. I microtubuli funzionano
come guide di trasporto per le proteine motore e consentono in questo modo un
trasporto di sostanze efficace all’interno della cellula. In questo lavoro viene
descritto un metodo basato sulle tecniche di dinamica molecolare per ottenere
una caratterizzazione meccanica completa delle strutture che costituiscono il
microtubulo e la sua interazione con le proteine motore. Simulazioni di dinamica
molecolare sono state utilizzate per stimare le proprietà del microtubulo:
proprietà meccaniche dei singolo monomeri e diverse interazioni tra monomeri
adiacenti. Inoltre è stata caratterizzata l’interfaccia che si realizza tra
microtubuli e la proteina motore chinesina. Le simulazioni di dinamica
molecolare sono state realizzate usando il software GROMACS. In prospettiva i
risultati ottenuti possono essere utilizzati per creare modelli alla mesoscala
basati sui dati ottenuti a livello molecolare, in grado di descrivere accuratamente
il comportamento di tali strutture sub-cellulari sottoposte a diverse condizioni di
carico.
Microtubules and related motor proteins such as kinesins or dyneins are
cytoskeleton structures in many different physiological processes in eukaryotes.
Microtubules function as transportation tracks for motor proteins to carry out
direct transport in the cell. In this work a mechanical characterization of
microtubules structures and their interactions with kinesin motor proteins by
means of molecular dynamics techniques is described. In particular molecular
dynamics simulations were performed in order to evaluate the microtubule
properties; tubulin monomers’ mechanical properties and monomer-to-monomer
interactions. Moreover we characterize their binding force with associated motor
proteins. Molecular Dynamic simulations were performed using GROMACS
software. In perspective, our results can be used to develop mesoscale models
based on data provided at the molecular level able to better understanding of the
behaviors of these sub-cellular structures under loading conditions.
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Objective
Microtubules and related motor proteins such as kinesins or dyneins are
cytoskeleton structures involved in the organelle and vesicles transport, cell division,
maintenance of the cell shape, and also motion of cilia and flagella.
Molecular dynamic (MD) simulations may add valuable quantitative
information about the characterization of biological molecules. In particular, these
methods allow investigations of the energetic and mechanical properties at the
molecular scale. In our investigations, the GROMACS software was used to perform
molecular dynamic simulations with the aim to evaluate the mechanical properties of
the microtubules and associated motor proteins.
Herein the method and the main results obtained using advanced MD
simulations will be presented concerning the evaluation of microtubule mechanical
features (tubulin monomers’ mechanical properties and monomer-to-monomer
interactions) and the characterization of the associated motor proteins (microtubulekinesin interactions).

Microtubules and motor proteins
Microtubules (MTs) are one of the principal types of protein filaments of the
cellular cytoskeleton playing important roles in many different physiological
processes in eukaryotes. MTs act as structural elements to maintain the cell shape. In
addition, they function as transportation tracks for motor proteins, such as kinesins,
to carry out direct transport in the cell (e.g., vesicles transport) and finally, they play
a crucial role during cell division. Furthermore, MTs form and decompose
continuously in living cells, making the structure highly dynamic and providing cell
adaptation to stimuli from the environment.
The single MT is a long, hollow rod with inner and outer diameter of about 18
and 30 nm, respectively. Lengths range from 1-10 µm in cells up to 50-100 µm in
axons [1, 2, 3]. Microtubules are biopolymers constituted by αβ-tubulin, globular
proteins bound together in a head-to-tail fashion to form protofilaments [1], which
aligned in parallel generate the microtubule. The MT wall is characterized by a
regular lattice of αβ-tubulin. The αβ-tubulin is a hetero-dimer constituted by two
monomers, α- and β-tubulin, each consisting of about 450 residues. The single
monomer shape can be described as a 4.6x4.0x6.0 nm ellipsoid [4].
Each monomer subunit contains a shallow cleft in which a guanine nucleotide is
trapped. In the α-tubulin monomer, which binds GTP, the binding site faces the
interface between the intra-dimer monomers exchanging very slowly with other
nucleotides in the solution (Non-exchangeable site). In contrast, the nucleotide
binding site for the β-tubulin monomer in a free dimer is partially exposed allowing
the nucleotide, GDP, to exchange readily (Exchangeable site) [5].
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Using a high-resolution model, obtained by docking the αβ-tubulin crystal
structure into a 20 Å map of the MT, Nogales et al., [4] provided a detailed
description of the contacts between monomers in the microtubule. The two different
interfaces for the longitudinal contacts between the monomers (intra-dimer and
inter-dimer interfaces) are extensive (30 nm2) involving equivalent structural
elements in α- and β-tubulin. Furthermore, the two interaction surfaces show wide
shape complementarities. The nucleotide is centered in the interface and plays an
important role in the interaction phenomena. Surfaces involved in longitudinal intermonomer contacts show a mean distance of 0.4 nm. Both polar and hydrophobic
residues characterize the intra- and inter-dimer interface surfaces. However, within
the dimer the van der Waals interactions are the principal component while
electrostatic contributions are negligible [4].
The knowledge of the atomic structure of the tubulin dimer was fundamental to
interpret and understand data obtained from MT experiments aimed at defining the
biophysical mechanical properties. Moreover, the structure serves as a starting point
for analyses performed with molecular mechanics and molecular dynamic methods.
The close connection between biological function and mechanical stress
resistance of the microtubule structure makes it necessary to quantify the mechanical
properties in order to explain how the microtubules are able to perform support
functions in the cell. For this reason, during the last two decades, experimental and
computational studies were carried out in order to measure mechanical parameters
such as Young’s modulus, shear modulus, flexural rigidity, and persistence length of
MTs. The experimental methods included optical tweezers [6], hydrodynamic flow
[7], atomic force microscope (AFM) [8], thermal fluctuation and viscosity
measurements [9, 10], and single particle tracking [3]. The experiments, which
include both indirect [9] and direct measuring methods, showed a wide range of
values for Young’s modulus varying between 0.1 GPa [8] and 2.5 GPa [10].
Many roles of microtubules depend on their relationship with kinesins.
Conventional kinesins, and most other kinesin superfamily, are highly processive
molecular motors that transport membrane-bound vesicles and organelles along the
microtubule in various cells including neurons. It also participates in chromosomal
and spindle movements during mitosis and meiosis.
Conventional kinesins are elongated heterotetrameric proteins with two heavy
and two light chains. Each heavy chain is made up of a globular motor domain that
contains the active site for ATP hydrolysis and the site for interaction with the
filament that provide the road along which movement occur, a rod-like region and a
cargo-binding tail [21, 22].
Two models have been postulated to explain the processive movement of kinesins
on microtubules: the hand-over-hand “walking” model in which the two heads
alternate in leading and an inchworm model in which one head always leads.
To substantiate the kinesin’s mechanism of motility, it is important to know
not only the atomic structure of the motor, but also how it binds to microtubules.
Since atomic resolution models of kinesin and tubulin became available, several
groups have analyzed the interaction of kinesin motor domain with microtubules by
docking known high resolution structures into low resolution 3D image
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reconstruction of microtubules and tubulin rings decorated with kinesin [19, 23, 24,
25, 26]. We used for our study the atomic model of Kikkawa [19] who reported a
detailed description of the molecular surface and conformational transitions in the
kinesin regions on the basis of the results of two docking methods performed to
obtain decorated microtubules with ADP- and ATP-like crystallographic models of
KIF1A kinesin.

Molecular models for tubulin
The atomic structure of αβ-tubulin was obtained with a resolution of 3.7 Å by
Nogales et al. [11] using electron crystallography and is available in the RCSB
Protein Data Bank (1TUB.pdb) [12]. The selected 3D-structure of the αβ-tubulin
was refined by adding an Mg2+ ion based on position data coming from a PDB
structure (1JFF.pdb) of αβ-tubulin and removing Zn2+ and Taxol™, which are not
present in physiological conditions.
The modified 1TUB.pdb (Fig. 1) structure was optimized and equilibrated. For
this, Gromacs 3.3 software [13] with the GROMOS96 43a1 force field was used.
Cut-offs for the non-bond interactions (van der Waals and electrostatic) were set to 1
nm and used in all simulations. First an energy minimization (EM) was performed in
vacuum using two different schemes in sequence, a steepest descent optimization
scheme for a fast locating of the approximate minimum energy configuration
followed by a limited-memory Broyden-Fletcher-Goldfarb-Shanno (l-bfgs)
algorithm for obtaining a refined configuration.

Fig.1 The αβ-tubulin dimer together with GTP, GDP, and Mg2+ (inserts).

The dimer was then arranged in a rectangular box of size 18x9x8nm, centred
and oriented with the axis between the centres of mass (CM) of each monomer
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parallel to the longest dimension of the box, the x-axis. Water molecules in the form
of the Single Point Charge (SPC) model [14] were added to explicitly model the
water-dimer interactions in the system. Furthermore, 40 Na+ ions were added to the
solution to neutralize the system charge.
Another EM, in water, was then carried out following the above mentioned
procedure with two algorithms in sequence. Coupling an external heat bath to the
system and using a scheme for simulated annealing [15], the dimer was heated from
0 to 300 K over a period of 35 ps. The system was then equilibrated for 800 ps in
order to stabilize the structure in terms of temperature and energy oscillations.
The equilibrated structure was used for mechanical characterization of the
single monomers (pulling and compression tests) and to evaluate the interaction
forces between α- and β-tubulin inside the dimer.

Assessing mechanical properties of tubulin molecules via
MD
The investigation of the mechanical properties of each monomer was carried out
mimicking an AFM experiment. One part of the monomer was fixed while the other
was moved by means of a spring (Fig. 2).
The equilibrated structure of the αβ-tubulin dimer was used as starting
configuration. Water and ions were removed, and two independent systems
consisting of α- or β-tubulin were extracted.
R: reference

P: pull

S:
spring

y

z

x

Fig.2 Scheme of mechanical test for the monomer. The CM of reference group (R) is
frozen while the CM of pull group (P) is connected to one end of a spring. A constant rate
displacement is imposed to the other end of the spring (S).
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In each system, water and ions were then added, optimized with the two EMschemes, and heated to 300 K, while keeping the monomer and its specific comolecules (GDP, GTP, and Mg2+; Fig. 2) fixed.
Two groups of atoms, pull (P) and reference (R), were defined in the monomer
(Fig.2). Reference and pull groups consist of Cα-atoms of the principal residues
involved in the longitudinal interactions between the tubulin monomers when
aggregated in the protofilament [4]. The CM of R was frozen in all the simulations,
while the CM of P was jointed to one end of a spring. The other spring end, S (Fig.
2), was moved at a constant rate along the axis defined by the CMs of R and P
(parallel to the x-axis).
During the simulation, the monomer, pulled by the spring, deforms according
with its elastic constant. The spring’s elastic constant value, kS, was set to 4.98 N/m,
resulting in a good compromise between the reduction of the oscillations in the pull
group’s CM displacement and the fluctuations of the force imposed by the spring.
Each test was carried out at 3 different rates v = 0.1 nm/ps, v = 0.01 nm/ps, and v =
0.001 nm/ps. During the simulation the rate was maintained constant to linearly
increase the distance between S and the CM of R.
Assigned the spring elastic constant, ks, the strength value, F(t), for each time is
given by Hook’s law:
F (t ) = k S ⋅ ∆L s (t ),
where ∆LS(t) is the spring elongation calculated at the current time instant as:
∆L S (t ) =| x S (t ) − x P (t ) |,
where xP(t) is the CM position of P at time t.
Calculating the distance between the CMs of R and P, the change in monomer
length as function of time is given by:
∆L (t ) = x R (t ) − x P (t ).
The elastic constant, km (index m refers to α or β tubulin), of the monomer is
given by
F (t )
km =
,
∆L (t )
and represents the slope of a linear fitting of the F-∆L curve calculated for a strain
up to 10%.
The monomer contraction or elongation, ∆L(t), and the force, F(t), imposed by
the spring were calculated based on the data from the simulation output. The curves
showing F(t) versus ∆L(t) in both pulling and compression tests at 3 different
velocities are reported in Fig. 3a for α-tubulin and in Fig. 3b for β-tubulin.
The distance between the CMs of the groups R and P shows oscillations as the
monomer is elongated (or compressed). These oscillations are caused by vibrations
of the CM of P which can be attributed to thermal motion of the atoms in the group.
However, the F-∆L curve can be described as a linear function with respect to ∆L.
Straight tendency lines superimposed on the F-∆L curves are shown in Fig. 3. Table
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1 shows the elastic constant values calculated for both the α-monomer (kα) and βmonomer (kβ) models.
The same mechanical test at different rate shows that monomers exhibit a more
rigid behaviour at high velocities. For example, considering the pulling test for the
α-tubulin model kα=14.6 N/m for v=0.1 nm/ps, while kα=3.4 N/m for v=0.001
nm/ps, corresponding to a decrease of about 75%. This is a typical mechanical
behaviour for viscoelastic materials such as polymers.
The tests with v=0.001 nm/ps are more realistic as the value is closer to strain
rates of the order of 1 nm/ms imposed in typical AFM pulling/compression
experiments on proteins [16]. However, there is still a substantial difference between
rates applied in experiments and in simulations, as the period of time which one can
simulate with MD is very small.
The maximum force values in the curves for the highest velocity are very large,
about 4 nN, while maximum force values of about 500 pN are typical for v= 0.001
nm/ps.

Fig.3 MD simulation for the α-tubulin (a) β-tubulin (b) models. In the upper right part
of each graph the results for the pulling tests at 3 different velocities are shown, while the
lower left part of each graph shows the curves for compression.

kα

kβ

Strain velocities

Pulling

Compression

Pulling

Compression

v=10-1 nm/ps

14.6 N/m

16.1 N/m

11.2 N/m

17.6 N/m

v=10 nm/ps

6.4 N/m

7.4 N/m

7.0 N/m

8.8 N/m

v=10-3 nm/ps

3.4 N/m

3.9 N/m

2.4 N/m

1.8 N/m

-2

Table 2: Elastic constant values for each of the monomer models obtained in the pulling
and compression tests at v=0.1, 0.01, and 0.001 nm/ps.
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Assessing tubulin interactions via MD
The further step in the microtubule characterization is the evaluation of the
interaction energies between tubulins aggregated in the microtubule. Two different
interfaces exist along each protofilament: αβ-tubulin and βα-tubulin interfaces
which corresponds to the longitudinal interactions (intra- and inter-dimer interfaces
along each protofilament); moreover lateral interactions are characterized by ααtubulin and ββ-tubulin interfaces (Fig. 4) with a small offset between neighbouring
monomers located in adjacent protofilaments.

Fig.4 Different interfaces in tubulin aggregation: longitudinal interactions involvingαβtubulin (a) and βα-tubulin interfaces (b) and lateral interactions involving by αα-tubulin (c)
and ββ-tubulin interfaces (d).

Up to date our attention was focused on the evaluation of the αβ-tubulin
interface related to the interaction between the monomers within the tubulin dimer
(Fig. 4a).
For the investigation the energy minimized, heated, and equilibrated structure
was used. Based on this structure 16 different molecular systems were generated
corresponding to 16 different inter-monomer distances (Fig. 5). For each
configuration a 100 ps molecular dynamics was performed restraining the
Cα position of the monomers by an armonic potential.

Fig.5 Set up of the configurations with different inter-monomer distances.
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The total interaction potential energy, Vint, between the two monomers in the
region of the potential energy minimum was described with a 3rd order polynomial
function:
Vint ( ∆r ) = A3 ( ∆r ) 3 + A2 ( ∆r ) 2 + A1 ( ∆r ) + A0 .
Consequently, the force, Fint, can be obtained employing the first derivative with
the opposite sign:
d (Vint ) .
Fint = −
d ( ∆r )
The elastic constant, kint, is the second derivative of the interaction potential
energy with respect to the distance.
Our results showed that the αβ-dimer interactions are characterized by a
potential energy minimum of a maximum Vint=-5.4.103 kJ/mol for a ∆r=-0.06 nm
close to the original one (Fig. 6a). The minimum value of the force corresponds to
the maximum attractive force acting between the two monomers. As indicated by the
force curve (Fig. 6b) the minimum value is found at ∆r=0.47 nm corresponding to a
maximum force of 11.9 nN needed to pull the two monomers apart. Taking the
second derivative of the polynomial the spring constant of the interaction can be
calculated as a function of the displacement.

Fig.6 Characterization of the αβ-dimer interaction. Potential energy (a) and attractive
force between the α and β tubulins (b).

Combining the results of the αβ-dimer interaction with the results obtained from
the pulling tests one can obtain a global elastic constant value for the dimer
complex. For this calculation one may consider the elastic constant values obtained
at the lowest velocity for the pulling tests of both α- and β-tubulin together with the
spring constant obtained at the monomer-to-monomer MD simulations found at the
energy minimum value. Thus, the elastic constant for the dimer complex, kαβ, is
given as:

kαβ

1
1
1
=
+
+
kα k β kint

−1

.

Inserting the appropriate values a kαβ value of 1.29 pN/nm is obtained.
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Considering the dimer as a cylinder with length equal to the dimer length and
cross-sectional area calculated using an approximated mean diameter of 5.3 nm, the
Young’s modulus value can be calculated as:
EYoung = kαβ

Lαβ
A

giving a value of 0.47 GPa.
This value is in agreement with the experimental data which range between 0.1
GPa and 2.5 GPa [6, 8, 9, 10]. The general opinion is that the Young’s modulus of
the dimer is not very different from this range of values [1, 17, 18].

Molecular models for kinesin
In the case of kinesin, atomic coordinates have been taken from the 1IA0.pdb file
[19], which is a 3D model of kinesin in ATP-form from mouse (Fig. 7), - and tubulin from Sus scrofa, and 1VFX.pdb file, which is an atomic model of the kinesin
motor domain in ADP-form from mouse, obtained through X-ray diffraction [20]. In
order to be suitable for the mechanical characterization, each structural model has
been refined. All chemical compound, such as Taxotere, AF3 and TRS, which are
not physiologically present in the complex and the water molecules embedded
during the crystallographic technique were removed from the initial pdb files. The
ATP molecule was constructed starting from the phosphomethylphosphonic acid
adenylate ester (ACP) present in 1IAO.pdb file.
Then two complexes consisting of kinesin in ATP- and ADP-forms facing the
substrate (αβ-tubulin dimer) were constructed using the structure of the complex
1IA0.pdb as template.
Each analyzed system (complex with kinesin in ATP-form and complex with the
kinesin in ADP-form) has been minimized in vacuum and then solvated by adding
several layers of explicit water molecules. After a further optimization, molecular
dynamics simulations have been performed, during which each system has been
heated up to 300K and equilibrated. The equilibrated structures are needed to be
used for evaluation of the interaction forces between each motor domain and its
substrate.

ATP

Fig.7 Atomic model of the kinesin motor domain in the ATP-form.
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Assessing the interaction between kinesin motor domain
and microtubules via MD
Concerning the kinesin–
tubulin complex (Fig. 8), the investigation of the
interaction forces has been carried out by freezing the tubulin dimer and moving
kinesin by means of a spring with a constant of 4.98 N/m at different pulling rates
(0.1, 0.01 and 0.001 nm/ps).
Interaction energy vs. intermolecular distance data points around the minimum
were fitted using a 3rd-order polynomial function. The interaction force and the
binding stiffness were calculated as the first and the second order derivative of the
energy fitting curve.

kinesin

α-tubulin

β-tubulin

Fig.8 Atomic model of the complex consisting of kinesin in the ATP-form and

-dimer .

Results of the simulations show that, in case of performing AFM simulations
with a pulling rate of 0.001 nm/ps and a stiffness constant of 3000 kJ mol-1 nm-2,
complex with kinesin in ATP-form (Fig. 9a) is characterized by a minimum
potential energy of -1948.57 kJ/mol corresponding to the intermolecular distance of
2.88 nm. The complex with kinesin in ADP-form is characterized by a minimum
potential energy of -1318.45 kJ/mol corresponding to the intermolecular distance of
3.05 nm (Fig. 9b).
From the polynomial expression obtained by fitting the interaction energy points,
the binding force has been estimated, and the results show that kinesin in ATP form
has a higher affinity for the tubulin dimer: the maximum interaction force between
kinesin (ATP) and tubulin dimer is 1236.8 pN in this case, and is greater than the
one calculated for the kinesin (ADP) complex which is characterized by a maximum
interaction force of 1061.24 pN; the values of the binding stiffness for the unstrained
structures are 733.3 pN/nm and 1552.63 pN/nm, respectively.
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Fig.9 Characterization of the kinesin and tubulin dimer complexes. Potential energy
(dots) and attractive force (full line) for the kinesin ATP-form complex (a) and for the kinesin
ADP-form complex (b).

These results are consistent with the observations of Kikkawa et al. [19] which
noted that the nucleotide-induced conformational changes influence the potential
energy of the complex, and enable tighter contact between the kinesin in ATP state
and microtubule. As the interaction surface between two proteins is an important
parameter which influence the energy profile, the results of previous kinesindocking experiments which show that the interaction surface of kinesin is ~1200 Å2
in ATP and ~900 Å2 in ADP-like state [19, 21, 22] can explain the difference
between the interaction energy and interaction force, respectively, that we found to
characterize the two complexes between -tubulin and kinesin in ATP and ADP
form.
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MD simulations are time consuming and require several processors. In order to
perform calculations, we used a dedicated HP workstation XW 8200 Series equipped
with two 3.2 GHz CPUs available at the Department of Bioengineering of the
Politecnico di Milano and for the most time consuming simulations we used the
Avogadro Cluster at CILEA, thus parallelizing calculations (4 and 8 nodes).
A molecular system of about 85000 atoms, e.g tubulin dimer in explicit water
environment, was simulated as a performance benchmark. This system was
simulated in different parallelisation conditions. The results showed a noticeable
performance improvement parallelizing calculations. In particular 0.14 ns/day was
performed with 1 CPU, 0.46 ns/day with 4 CPUs and 0.71 ns/day with 8 CPUs.
The authors thanks CILEA for having provided their cluster available for some
of the MD simulations here reported.
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