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Abstract

Microtubule dynamics is largely influenced by nucleotide hydrolysis and the resultant tubulin configuration changes. The
GTP cap model has been proposed to interpret the stabilizing mechanisms of microtubule growth from the view of
hydrolysis effects. Besides, the growth of a microtubule involves the closure of a curved sheet at its growing end. The
curvature conversion from the longitudinal direction to the circumferential direction also helps to stabilize the successive
growth, and the curved sheet is referred to as the conformational cap. However, there still lacks theoretical investigation on
the mechanical-chemical coupling growth process of microtubules. In this paper, we study the growth mechanisms of
microtubules by using a coarse-grained molecular method. First, the closure process involving a sheet-to-tube transition is
simulated. The results verify the stabilizing effect of the sheet structure and predict that the minimum conformational cap
length that can stabilize the growth is two dimers. Then, we show that the conformational cap and the GTP cap can
function independently and harmoniously, signifying the pivotal role of mechanical factors. Furthermore, based on our
theoretical results, we describe a Tetris-like growth style of microtubules: the stochastic tubulin assembly is regulated by
energy and harmonized with the seam zipping such that the sheet keeps a practically constant length during growth.
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Introduction

As the most rigid cytoskeletal element in cells, microtubules
have a well-marked lattice structure, consisting of regularly
arranged o- and f-tubulin heterodimers (e.g., [1,2]). The dimers
bind head-to-tail along their longitudinal direction into polar
protofilaments, which, in turn, associate laterally in a staggered
manner, rendering an elegant tubular and chiral structure. In spite
of their mechanical firmness and lattice regularity, the dynamic
and evolutionary attributes are intrinsic and essential for
microtubules to fulfill their various significant functions in cell
divisions and other intracellular biological processes (e.g., [2—4]).

Microtubules suffer stochastic transitions between growing and
shrinking. Such dynamic processes are highly coupled with the
hydrolysis of nucleotides bound on the assembled tubulins [5,6].
Dimers in different nucleotide states assume different curvatures
[7], and two distinct protofilament configurations, curved or
straight, are resulted in, depending on whether GDP or GTP is
bound [8,9]. The intrinsic bending characteristic of GDP-tubulins
is incompatible with the canonical microtubule lattice [10]. To
elucidate the physical mechanisms by which a microtubule
composed mainly of bending GDP-tubulins can still keep stable
growth, the GTP cap model has been proposed [11,12]. It
hypothesizes that only when the rate of tubulin assembly exceeds
the rate of GTP hydrolysis, can some newly-added GTP-tubulin
layers maintain as a cap at the growing end of the microtubule.
The GTP cap can sustain the uniform lattice and the continuous
growth of the microtubule, and its disappearance will cause the
depolymerization. Despite the logical elegance of this cap model,
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yet there is a shortage of sufficient evidence for the existence of the
GTP cap, and disputes exist about its size [13,14] and the inside
GTP distributions [15,16].

Experimental observations also reveal that a microtubule end
can assume far more colorful conformations than mere straight or
curved [17]. Typically, an open and outward-curved sheet is
imaged at the growing end by cryoelectron microscopy (cryo-EM)
[18,19]. Such a sheet structure has been considered an interphase
during microtubule growth [20-22]. The growth is achieved by
the sheet closure which involves a distinct transition of curvature,
from longitudinal to lateral. The feasibility of this growth pathway
has been experimentally validated by Wang and Nogales [10].
They showed that at low temperature, tubulins binding GMPCPP,
a non-hydrolysable GTP analogue, can form ribbons, in which the
protofilaments have a radial bend of about 5° between two
adjacent dimers. As temperature rises, the ribbons directly convert
into tubes. It is thus suggested that the GMPCPP ribbons
structurally correspond to the curved sheets at the growing
microtubule end [10]. The sheet-to-tube growth mechanism can
interpret, quite successfully, such phenomena observed in
microtubule growth as the formation of a seam. The seam,
apparently being a linear lattice defect, may virtually offer
important binding sites for associated proteins to help zip the
microtubule [23].

Prominently, the above-described growth mode, which involves
a conversion of end conformations, itself provides a stabilizing
mechanism for microtubule growth [9,24]. Due to this mecha-
nism, which is referred to as the conformational cap model, the
sheet is more stable than the zipped microtubule body [25]. The
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sheet closure happens stochastically [9], and its complete closure
into a blunt-ended tube would induce microtubule depolymeriza-
tion [26]. Despite this well-conceived essentiality of the sheet
structure in microtubule growth, the detailed mechanisms remain
vague.

Though the conformational cap and the GTP cap models offer
two different stabilizing mechanisms, a microtubule does not face
an either-or choice. Actually, the conformational cap does not
contradict the GTP cap but provides further guarantee for a stable
microtubule growth. Also, the conformational change contributes
bonus energy accumulated in microtubule lattice in addition to the
energy from GTP hydrolysis [27,28], i.e., the elastic strain energy
caused by the curvature transition [25]. However, the detailed
correlation between these two caps and the relation between
closure and hydrolysis remain unclear. Structure analysis reveals
that only GTP-tubulins can form lateral contacts compatible with
the microtubule lattice, and the hydrolysis is not necessary for
sheet closure and microtubule growth [10]. However, this
conclusion does not dictate a direct link between closure and
hydrolysis, but only suggests that hydrolysis could happen after
closure. Further investigation is desired to determine whether
closure triggers hydrolysis [18,29]. On the other hand, if a sheet
composed of only GDP-tubulins can stabilize the growth phase
[25,30], the essential role of pure mechanical factors in cell
physiology is signified since the conformational cap works mainly
mechanically.

These previous experimental findings clearly demonstrate the
intrinsic and strong coupling between mechanical and biochemical
mechanisms, which is prevalent and vital for the dynamic behavior
of microtubules. A deeper understanding of the appealing
microtubule characters calls for well-defined theoretical models.
Much effort has already been directed towards the modeling of
microtubule dynamics. The switch between growing and shrinking
and the corresponding length variation have been described by
differential equations (e.g., [13,31,32]). A detailed probe of the
evolutions of conformation and energy inevitably needs finer
three-dimensional simulations. Some examples have been given by
VanBuren et al. [33] and Molodtsov et al. [34], who successtfully
accounted for the strain energy changes induced by the association
and disassociation of individual dimers. As yet, however, there is
still a lack of theoretical investigation on the dynamics of the sheet-
to-tube growth mode. The spatial energy distribution and
variation, as well as the complete growth process, under
mechanical-chemical coupling regulations have rarely been
addressed.

Recently, we established a coarse-grained model for studying
the macroscopic behavior of microtubules [35]. The equilibrium
conformation of a growing, sheet-ended microtubule, in which
protofilaments are both bending and twisting, is obtained via a
form-finding process based on the defined interactions between
monomers. As an illustration of this model, a radial indentation
process of a microtubule with large deformation has been
simulated and the results well fit with the relevant experiments,
demonstrating the efficacy of this model in representing a dynamic
process involving structure and energy evolutions [35]. It has also
been demonstrated that the sheet structure is energetically stable.
In this paper, we will employ this model to investigate the
microtubule growth process, which involves a sheet-to-tube
transition and shows a mechanical-chemical coupling. We
comprehensively calculate the potential energy by taking into
account the intrinsic curvatures of both GTP- and GDP-tubulins.
Such dynamic events as subunit association are treated as
stochastic processes regulated by the coupled changes of chemical
association energy and mechanical potential energy. The influence
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of GTP hydrolysis on the intrinsic conformation of tubulins is also
taken into account. This study provides insight into the
conformational cap hypothesis and the stabilizing mechanisms in
the microtubule growth process.

Methods

Coarse-grained model of microtubules

In our previous work [35], a model has been developed to
simulate the dynamic behavior of microtubules by considering
their structural complexity and mechanical-chemical coupling
features. A standard microtubule with 13 protofilaments and a
pitch of 3 monomers is considered (Fig. 1a). Due to its structural
chirality, the microtubule has a seam, where the laterally attached
tubulins are a—f, rather than the prevalent contacts of a—o and fi—
f in the otherwise positions. Differing from the preexisting coarse-
grained models [33,34], the extending sheet structure is spotlight-
ed in this model. The specific equilibrium sheet-ended microtu-
bule conformation is determined via a form-finding process by
minimizing the interaction potential of the whole microtubule.
Three major types of interactions among the adjacent monomers
in the model are the tension or compression interactions regarding
their distance variations, the bending interactions regarding their
angle variations, and the dihedral bending interactions regarding
their dihedral angle variations, as shown in Fig. 1.

For the tension or compression interactions, the distance
variations between two neighboring monomers along the longitu-
dinal, lateral, and diagonal directions are taken into account
(Nos. 1, 2, and 3 in Fig. 1b). The equilibrium longitudinal and
lateral intervals are set as 4.0 nm and 5.2 nm, respectively,
according to the canonical microtubule lattice [29]. Numerical
simulations show that the diagonal interactions [36] scarcely
influence the calculation results but are essential for the quick

Axis

Figure 1. Model of a sheet-ended microtubule. (a) The
equilibrium structure of a sheet-ended microtubule revealed in Ref.
[35]. (b) The partial enlarged view of the microtubule structure marked
in the red box in (a), showing (1) the longitudinal tension or
compression interaction, (2) the lateral tension or compression
interaction, (3) the diagonal tension or compression interaction, (4)
the longitudinal bending interaction, and (5) the lateral bending
interaction. () The longitudinal bending and the dihedral bending
interactions. The bending interaction considers the supplementary
angle of the angle A-B-C, and the dihedral angle is defined between
the plane A-B-C and A-A’-B. (d) The lateral bending and dihedral
bending interactions. The bending interaction considers the supple-
mentary angle of the angle D-E-F, and the dihedral angle is defined
between the plane D-D’-E and E-E’-F.

doi:10.1371/journal.pone.0029049.g001
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convergence of the simulation [35]. Due to the chirality of the
microtubule, the lattice is oblique and two equilibrium diagonal
intervals are calculated as 5.9988 nm and 7.1242 nm.

The bending interactions correspond to the elastic energy
induced by the angle variations made by three adjacent
monomers. The longitudinal and lateral bending interactions are
numbered as 4 and 5 in Fig. 1b, respectively. A longitudinal
curvature is intrinsic for the structure of protofilaments and the
bending becomes even more distinct when the bound GTP is
hydrolyzed. Protofilaments of GDP-tubulins are highly curved and
normally peel off into a horn-like shape when the microtubule
experiences depolymerization [37-39]. Following the structure
analysis by Nogales and Wang [40], the longitudinal equilibrium
angle between two neighboring monomers is assumed to be 5° for
GTP-tubulins and 18° for GDP-tubulins. As to the bending along
the lateral direction, in view of the commonly observed two-
dimensional sheets of tubulin assemblies, which are the precursors
of microtubule formation [19,22,25,40] or induced in presence of
some cations [41,42], the equilibrium angle is assumed to be zero
but its exact value is yet unknown.

The longitudinal and lateral dihedral bending interactions are
introduced to depict the coherence of the deformations along the
protofilament and the helical turn, respectively. The dihedral
interactions describe the energy variation caused mainly by lattice
twisting and are described by the relative angular change of an
assigned molecular plane with respect to its canonical plane [35].
For three adjacent monomers along a same twisted protofilament
(labeled as A, B, and C in Fig. lc), the relative twisting can be
characterized with reference to the locations of the monomers A
and B, with A’—A being the radial directions. The longitudinal
dihedral angle is thus defined as the angle between the plane
formed by the three monomers, A-B-C, and the reference plane,
A'-A-B. For three adjacent monomers along a same helical turn
(labeled as D, E, and F in Fig. 1d), D'-D and E'-E are the radial
directions. The planes D'~D-E and E'~E-F do not coincide when
the helical turn is twisted and are used to define the lateral
dihedral angle. Therefore, both the equilibrium longitudinal and
lateral dihedral angles are set to be zero.

For all the seven interactions, the following form of potential
functions is assumed

U=k,5%/2. 1)

For the longitudinal, lateral and diagonal distance variations, the
longitudinal and lateral angle variations, and the longitudinal and
lateral dihedral angle variations, the parameters J, in Eq. (1)
stands for diong, diat, ddiag> Olongs Oiats lﬁlong, and lﬁlong, respectively;
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and the corresponding elastic coefficients are k. = Kiong, Kiat, Kdiag,

bend J.bend j.dihedral
klong > klat > klong

constants k, are determined as follows. Kiong and Ky are
determined following the results of atomistic dynamic simulations

and mesoscale models in the literature [43,44]. kltzfr‘l‘gd and kP are

determined by treating the tubulin assembly with the continuum

mechanics method [35]. kdiag, kldoig;dml and k{l,;tmd”l are assumed

empirically and their values have little influence on the calculation
results. These parameter values have been validated through a
series of numerical simulations in our previous paper [35] and will
be further testified in this study. The definitions of interactions and
the interaction constants are summarized in Table 1. For more
details, please refer to Ref. [35].

We emphasize here that the defined interactions form an
integrated description of the microtubule conformational and
mechanical properties. The rationality and robustness of the
coarse-grained and mechanical-chemical coupling model have
been demonstrated by a series of simulations on the equilibrium
conformations of sheet-ended microtubules and the structure
evolution under radial indentation [35].

, and kgthedral, respectively. The values of the

Free energy of association

For polymerizing polymers, the free energy of association can be
divided into two additive parts [36,45]. One is beneficial for
association, including the free energy associated with the interfaces
or bonds between subunits, called “bond energy”. Let Giong and
Glat denote the bond energies for longitudinal and lateral
associations, respectively. The other part is unfavorable for
association, denoted by Gs. It is the free energy required to
immobilize a subunit in the polymer, to which the most important
contribution is the loss of entropy due to association. Electrostatic,
hydrophobic, and other noncovalent interactions are a bit loose
rather than rigid. Therefore, the subunits are not totally fixed but
have some freedoms to rotate and vibrate. Evidently, the loss of
entropy in this case is less than that when the translational and
rotational degrees of freedom are completely lost [46,47]. Here,
we take Gong=—19 kgT/dimer, G =—4 kgT/dimer, and
Gs=11 kgT/dimer. These values match the theoretical results
of chemical reaction kinetics [36] and are verified by computer
simulations [48].

Fig. 2 shows the free association energies for the assembly of a
tubulin dimer at different sites. In the first case, a dimer filling into
the gap between two long protofilaments (Fig. 2a) will form two
lateral bonds and a longitudinal bond with the pre-assembled
subunits and, therefore, the corresponding association energy is
calculated by
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Table 1. Interaction definitions in the model.

Interaction Interaction potential Interaction constant Value
1 Longitudinal tension or compression Gl =klongdﬁmg/2 Kiong 3.0 nN/nm
2 Lateral tension or compression Ulat =klatd12/d[/2 Kiat 14.0 nN/nm
3 Diagonal tension or compression Udiag :kdiagdgiag/z Kdiag 3.0 nN/nm
4 Longitudinal bending Ullt))enngd :kll’;:;(-)lzong kﬁf:gd 2.0 nN-nm
5 Lateral bending = kﬂiﬂdeiﬂ /2 kebend 8.5 nN-nm
6 Longitudinal dihedral bending U{fjé‘;d'“' :k[ggzdm‘wlzong/z kﬂj‘;z‘l”‘] 0.04 nN-nm
7 Lateral dihedral bending Dl kl‘};thedmlwit /2 k]dai{'edfal 0.17 nN-nm
doi:10.1371/journal.pone.0029049.t001
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Figure 2. Sites for a coming tubulin dimer to assemble: (a) the
dimer inserting into a gap, (b) the dimer associating a single-
sided neighbor, and (c) the dimer falling upon the crest.
doi:10.1371/journal.pone.0029049.g002

G= Glong +2G1a[ + Gs~ (2)

For the second case, a dimer associating at the side of a long
protofilament (Fig. 2b) gets a lateral bond and a longitudinal bond.
Correspondingly, the association energy equals

G:Glong+G1at+Gs~ (3)

In the third case, only a longitudinal bond can be formed when a
dimer assembles at the crest of the microtubule (Fig. 2c) and the
association energy is

G = Giong + Gs. 4)

The competition and balance of the association energy and the
potential energy will dictate the assembly process.

Basic algorithm

According to the conformational cap model, the growth process
of a microtubule involves the addition of tubulin dimers at the
protofilament tips and the closure of sheet, both of which exert
conformational perturbations on the microtubule structure. The
simulation is performed using an equilibrium sheet-ended
microtubule conformation [35] as a starting point. When a
conformational alteration happens, the following iteration steps
are repeated until the total interaction energy of the entire
microtubule converges:

(i) The potential energies of all monomers are computed
following the above-defined interactions.

(i1) The force exerted on each monomer is determined from
the derivative of the potential energy with respect to its
coordinates.

(ii1) The Verlet integration method is used to obtain the new

positions of all monomers. In this model, the units of
lengths, forces, and masses are nm, nN, and kDa,
respectively. The time step is taken as 0.1, which
corresponds to 1.29 Ps in real time scale. Each tubulin
monomer has the mass of 55 kDa [49,50]. The calculated
velocities of all monomers are rescaled to keep a constant
average kinetic energy.

(iv) All monomer positions are updated, and then a new
iteration cycle starts from Step (1). If the difference between
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the root mean square values of the total potential energy
given by the last ten and twenty steps is smaller than
0.0001, we judge that the calculation has been converged
and then terminate the iteration.

When the equilibrium state has been achieved, a new
conformational disturbance is allowed to occur such that the
dynamic growing process of a microtubule can be simulated.

Integrated thermodynamic description of microtubule
growth

The attention of this study is focused on the microtubule
growth, which involves the sheet-to-tube transition and the tubulin
assembly. The assembly process is treated by a stochastic
thermodynamic description, in which tubulin dimers are randomly
assembled at the growing sheet end. Following the interaction
potential described above, the equilibrium potential energy of the
whole microtubule after the assembly is calculated and denoted as
U,, where the subscript n, taking a value from 1 to 13, stands for
the protofilament on which the assembly happens. Let Uy denote
the equilibrium potential energy before this assembly happens,
and G, the free energy of association regarding this assembly at
the n-th protofilament. Then, the energy difference caused by a
potential assembly with respect to the initial energy is

AE, = Uy — Ui + G, (5)

If AE, is positive, the corresponding assembly will not happen. If
AE, is negative, the assembly can happen with a particular

probability pp:

13
Pa=IAEN|/ > (IAE). (6)

i=1

After the assembly, the equilibrium conformation is calculated.
Thereafter, a new computation step begins and new tubulin
dimers add onto the microtubule tip.

To date, no direct experimental observation has been reported
on the closure process of microtubules at the molecular scale.
Based on the considerations of the lateral interaction between
monomers, we characterize the closure as a monomer-based
process, in which the seam is zipped by the consecutive linking of
monomer pairs. The closure of the monomer pair at the opposite
edges of the sheet bottom is realized by taking into account the
additional lateral tension or compression, bending, and dihedral
bending interactions relevant to the monomer pair. Thus, the
whole microtubule conformation will evolve into a new equilib-
rium state.

To date, there still exists ambiguity in the literature for the GTP
hydrolysis process, especially for the relationship between sheet
closure and GTP hydrolysis [10,18,25,29], and the distribution of
GTP-tubulins in the microtubule [16,51-53], adding difficulties to
the modeling. In this paper, we will not examine the molecular
mechanisms of GTP hydrolysis. The GTP hydrolysis is not
included in the thermodynamic process of microtubule polymer-
ization but, instead, is treated as a forced event. The GTP
hydrolysis alters the intrinsic curvature of tubulins and thus the
equilibrium longitudinal bending angle. Unless otherwise speci-
fied, we will use the following rule of hydrolysis. The sheet is
assumed to be consisted of GTP-tubulins whereas the closed part is
totally hydrolyzed. In other words, the whole helical turn at the
root of sheet will hydrolyze synchronously with its closure [26].
This relation is irrespective of the causality of GTP hydrolysis and
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sheet closure. Different hydrolysis rules can be easily implemented
mto the simulations. To illustrate the effect of hydrolysis on the
sheet-to-tube transition, an example based on a random hydrolysis
rule and different GTP distributions in the sheet will also be
provided in the following subsection.

Results

The sheet-to-tube transition process contributes stored
energy to the microtubule lattice

It is widely accepted that the hydrolysis of GTP bound on the
added dimers helps the accumulation of energy constrained in the
microtubule lattice. In addition, the conformational cap model
proposes that the curvature transition during the sheet-to-tube
transition would also contribute to the lattice energy [25]. We
simulate the closure process of a microtubule and analyze the
variation of the potential energy by using the presented model.
The original sheet structure is composed of GTP-tubulins and
measures ten monomers in length. Once a monomer pair closes,
the GTPs bound on tubulins of the newly closed helical turn will
hydrolyze, corresponding to a change of their equilibrium
longitudinal bending angles from 5° to 18°. Fig. 3 shows some
snapshots during the continuous sheet-to-tube transition process.
The equilibrium conformations at the beginning and after the
successive closure of three monomer pairs are visualized by the
package VMD [54], as shown in Fig. 3a. The corresponding
distributions of the total potential energy at the four states are
visualized by OVITO [55], as shown in Fig. 3b. The complete
transition process of the entire sheet and the energy changes are
given in Movie SI in the Supporting Material. Fig. 4 shows the
evolution of the total potential energy and the seven components
of interaction energy during the successive closure process of three
monomer pairs. It is demonstrated that the closure is steadily
propelled. Both the energy barrier and the energy difference
between two subsequent equilibrium states are identical during the
whole closure process. The energy barrier is calculated to be
around 10* k5T, which is the value of energy needed for a single
monomer pair to close. When a monomer pair has been zipped
and the whole microtubule has become stable, the accumulated

Figure 3. Snapshots of the conformation and potential energy
evolutions during a sheet-to-tube transition process. The
equilibrium states before assembly and after three consecutive closures
are shown: (a) the evolution of the microtubule structure, and (b) the
corresponding evolution of the total potential energy.
doi:10.1371/journal.pone.0029049.g003
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energy (the energy stepping in Fig. 4) amounts to about 2400 kg7,
approximately 10 times higher than the energy from hydrolysis
[29,56].

It is noted that after each closure of a monomer pair, the
potential energy elevates. Among the seven parts of potential
energy, the lateral bending potential energy makes the most
significant contribution to the total energy. Our previous work
about the equilibrium conformation of a sheet-ended microtubule
provided the concrete distributions of the seven potential energy
components and demonstrated their rationality from a bio-
physiology perspective. Here, we further demonstrate that the
sheet-to-tube transition calls for energy input. The conformational
cap hypothesis states that only after the sheet entirely closes, can
depolymerization happen from the blunt microtubule end [26].
Therefore, it is conclusive that the energy-required sheet-to-tube
transition is an effective mechanism for ensuring the stable growth
of microtubules and preventing depolymerization. In addition, the
sheet-to-tube process contributes greatly to the energy accumula-
tion in the microtubule lattice, and the stored energy will be
released to do work during the later microtubule depolymerization
[57].

The binding condition along the seam is crucial but has not
been clearly revealed in the literature. It has also been recognized
that some other proteins (e.g., EB1) are involved in the zipping
process and contribute energy in the closing process of the sheet
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Figure 4. Potential energy evolution during the sheet-to-tube
transition process. A continuous zipping of the seam counting three
pairs of monomers is characterized. The consecutive closure happens
when the microtubule is in an equilibrium conformation. (a) The
evolution of the total potential energy, from which the energy barrier
and energy difference between two equilibrium states are clearly
detected. (b) The evolution of the seven energy components.
Respecting the differences of orders of magnitude, a semilogarithmic
coordinate is adopted.

doi:10.1371/journal.pone.0029049.g004
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[22,23,58,59]. Without considering this complexity, we take the
occurring of closure as a hypothesized fact. For this reason, the
potential energy is unfavorable for the closure process and some
free energies of association and other promoting interactions are
provided by some mechanisms associated with other proteins. The
tubulins along the lateral edges of the sheet may have a high free
energy of association to complete the sheet-to-tube transition, or
some microtubule-associated proteins such as EB1 can help the
zipping of the seam, which will be discussed further in the
Discussion Section.

The intrinsic curvature of GTP-tubulins scarcely affects

the function of conformational cap

Though straighter than GDP-tubulins [60], GTP-tubulins are
not perfectly straight as widely assumed [61]. A slight bend of
about 5° was exhibited at the intra-dimer interface of each GTP-
tubulin [40]. Using the defined model, we now explore the
influence of this intrinsic curvature of GTP-tubulins on the growth
process of microtubules. The energy variations during the closure
of GTP sheets with an intrinsic curvature of 5° (standard), 0° and
15° are compared in Fig. 5a. It is seen that these three cases have
no distinct difference either in the activation energy or the
equilibrium energy stepping. This means that neither the
conformation nor the energy evolution during the sheet-to-tube
transition is sensitive to the longitudinal curvature. The intrinsic
curvature should be dictated mainly by some structural factors and
seems to be not critical to the growth process and stabilizing
mechanisms of microtubules. This result supports the recent
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Figure 5. Comparison of the energy barriers and energy
differences during sheet-to-tube transitions under different
sheet structures: (a) the intrinsic curvatures of GTP-tubulins
are of three different values, and (b) the sheets are in two
different nucleotide states. In both panels, the red lines represent
the result for the standard model shown in Fig. 4. For clarity, the three
sets of data have been offset horizontally, but not vertically.
doi:10.1371/journal.pone.0029049.g005
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mnvestigation about the intrinsic bending of microtubule protofil-
aments by Grafmiiller and Voth [62], who, through large-scale
atomistic simulations, concluded that no observable difference
exists between the mesoscopic properties of intra-dimers and inter-
dimers. The distinct curvature difference between polymerizing
and depolymerizing protofilaments may majorly due to their
lattice constraint.

The conformational cap works independently of the
nucleoside states

The relationship between the GTP cap and the conformational
cap has long been speculated but remains unclear [10,25]. In this
subsection, we will test whether the conformational change caused
by GTP hydrolysis will resist the sheet-to-tube process and thus
inhibit the microtubule growth.

Firstly, we compare two microtubule models with a GTP cap of
different lengths, in which the locations of GTP-tubulins are
assumed orderly, that is, there exist some layers completely
constituted of GTP-tubulins, capping the microtubule. In the first
model, the sheet is composed only of GTP-tubulins and the closed
part is totally hydrolyzed. In the second model, half of the sheet is
hydrolyzed and, more specifically, we assume that the upper part
of the sheet is composed of GTP-tubulins whereas the lower part is
composed of GDP-tubulins. The GTP hydrolysis of the lowest
GTP-helical turn is treated as a process synchronous with the
closure of the tubulin pair at the root of the sheet. Fig. 5b
compares the energy evolutions during the closure process in the
two microtubule models. For the sheets with different GTP
distributions, both the values of the activation energies and
equilibrium energy differences are similar, indicating that the
conformational cap could function independently of the GTP cap.

Secondly, we investigate the influences of random GTP
distribution and hydrolysis. An irregular and varying distribution
of GTP-tubulins is the case suggested by many experiments
[15,16,51,52]. A microtubule with a sheet of interlaced GTP-
tubulins and GDP-tubulins is considered. At each simulation step
of the sheet closure, the hydrolysis of GTPs bound on tubulins in
the sheet happens randomly. As an example, we consider a sheet
with the following initial composition of tubulins. All the tubulins
in the sheet are GTP except that the nth tubulin counted from the
bottom of the sheet in the nth (n=1-10) protofilament and the nth
and (n+1)th tubulins in the nth (n = 11-13) protofilament have been
hydrolyzed as GDP. The closed part of the microtubule is assumed
to be purely composed of GDP-tubulins. Since the sheet-to-tube
transition has little relevance with the closed part, its nucleoside
state is indifferent. The following hydrolysis rule is assumed in this
example. For each closure, a random number ranging from 0 to 1
1s generated for each G'TP-tubulin in the sheet, and if the number
exceeds 0.5 the GTP will hydrolyze. The entire sheet-to-tube
transition under these assumptions is well simulated. Fig. 6a shows
the snapshots of the longitudinal bending energy distribution
during the successive closure process of three monomer pairs.
Here, the protofilaments labeled from 1 to 13 are counted
counterclockwise round the tube from the right side of the seam.
At the beginning, a spiral line of higher energy value is formed due
to our assumption about the initial state of the nucleoside
distribution. Though the local intrinsic curvature may change
violently due to the GTP hydrolysis, a smooth sheet structure is
maintained. In the following steps of closure, the random
hydrolysis leads to a disorder distribution of longitudinal bending
interaction energy. Iig. 6b shows the evolution of the total
potential energy, which involves an evident energy barrier and
energy stepping. It is demonstrated that the spatiotemporal
stochastic curvature variations caused by GTP hydrolysis will
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Figure 6. Potential energy evolution during a sheet-to-tube
transition with randomly distributed GTPs. (a) Snapshots of the
longitudinal bending potential distribution during a time span of three
closures of a monomer pair. The illustrated states are in equilibrium. (b)
Evolution of the total potential energy.
doi:10.1371/journal.pone.0029049.9006

not interfere with the stabilizing role of the sheet structure in
microtubule growth.

Wang and Nogales [10] have stated that the bending of GDP-
tubulins is incompatible with the formation of canonical lateral
interaction in microtubules. Here, our modeling is based on the
premise that the lateral interactions have been pre-defined except
those along the seam. Though insufficient to completely testify the
relation between the longitudinal bending conformation and the
lateral interaction, our results demonstrate that the curvature
transition and the sheet closure can be achieved by highly curved
GDP-tubulins. This indicates that the function of the conforma-
tional cap could be decoupled from the GTP cap. Despite the
likelihood that the substructure change in hydrolyzed tubulins
would resist the formation of lateral interactions, at least from the
view point of energy mechanism, hydrolysis is allowed to the
tubulins on the sheet before closure and the microtubule growth
will not be interfered by the nucleotide state. In addition, our
simulations evidence the stabilizing role of the conformational
mechanism in microtubule growth, and highlight the significance
of mechanical factors in microtubule behaviors.

A conformational cap should include at least two tubulin
dimer layers

The cap length has long been a controversial issue [16,63,64].
In this subsection, we will investigate how the energy barrier and
the equilibrium energy stepping during the zipping of a monomer
pair depend on the sheet length. For ten sheets of different lengths
from 1 to 10 monomers, the numerical results of the potential
energy evolution induced by the closure of a monomer pair are
compared in Fig. 7. Clearly, the energy barrier and the energy
stepping for the sheets containing 4 to 10 monomers in each
protofilament along the length direction (the left part of Fig. 7) are
almost identical, but they are much higher than those in shorter
sheets (the right part in Fig. 7). If the sheet is shorter than the
length of two dimers, the activation energy to close the sheet drops
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Figure 7. Energy barriers and energy steppings induced by a
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same length. The total potential energies are at different levels since the
length of closed parts of the ten models are different.
doi:10.1371/journal.pone.0029049.g007

distinctly and thus the whole open sheet would experience a swift
and unstable transition into a tube. In this case, the sheet structure
will lose its stabilizing effect and then depolymerization will occur.

Some recent experimental and theoretical works about the GTP
cap’s size concluded that an effective GTP cap should include at
least two dimer layers [15,34]. The minimum size of the
conformational cap estimated by our model is in accordance with
that for the GTP cap reported in the previous studies. Such a
consonance hints the potential direct relevance between closure
and hydrolysis. As estimated by some researchers [29], hydrolysis
can be catalyzed by the closure due to the induced energy
accumulation.

Microtubule growth likes Tetris

We have demonstrated that the open sheet structure at the
growing end can stabilize the microtubule growth and have
testified the sheet-to-tube growth style. However, if the closure
speed is faster than the tubulin assembly rate at the tip, the sheet
structure will be fully closed into a blunt microtubule end and,
thereafter, depolymerization may be triggered [26]. Therefore, a
stable growth should rest on the harmonization between closure
and polymerization, which keeps the sheet having a practically
constant length of at least two dimer layers. In this case, the seam’s
zipping will experience a self-similar propagation, which conjures
up the reverse process of a stable crack advancement.

Thereby, a Tetris-like growing style is extrapolated for the
compatibility of assembly and closure during the microtubule
growth. Tubulin dimers assemble stochastically at the end of a
microtubule under the regulation of energy. When the newly
added tubulins have formed a complete layer, the bottom layer at
the sheet will transit to close and the seam will advance a dimer-
length. Fig. 8 shows some snapshots of the “fill in—close up”
process, and the dynamic process is shown in Movie S2. The sheet
length is nearly constant so that the microtubule can grow steadily;
conversely, if the sheet is quickly closed into tube, the game will
soon be over.

Discussion

Physiological indications

Actual sheet length. The above calculations put forward the
hypothesis that the sheet keeps a nearly constant length of at least
two dimers during the sheet-to-tube growth. However, the actual
sheet length is yet unknown. We speculate that the sheet length
may correlate with the nucleation process, and the length
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determined in the nucleation is sustained in the subsequent
growing stage. It has been supposed that the microtubule
nucleation template is likely to have a sheet structure composed
of laterally associated short protofilaments. The closure of a sheet
will lead to a microtubule embryo [19,21]. Thus the microtubule
nucleation and assembly share the same basic mechanism [25].
For a longitudinally curved sheet to transit its curvature and close
into tube, an energy barrier needs to be overcome, which should
be higher if more tubulins were zipped. The available energy that
can be employed to overcome the barrier may determine the
nucleated conformation and, in turn, the sheet length. It is
inspiring that the sheet-to-tube nucleation pathway can be
simulated under the theoretical framework presented in this
paper. Our further study will focus on simulating the nucleation
process to probe the critical nucleus, the structural templates, and
the influence of nucleation on the subsequent growth.

Alternate likelihood is that the sheet length is relevant with the
hunt of the microtubule ends for coming tubulins and regulators of
assembly such as microtubule-associated proteins (MAPs). As can
be seen from the form-finding results of sheet-ended microtubules
[35], the sheets with different lengths have different shapes: a
shorter sheet has a rounded top edge and its lateral alignment is
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more compact. The sheet end offers special recognition sites for
tubulins to assemble. The inter-protofilament interfaces may
accommodate MAPs [40,65]. Specifically, some plus-end-tracking
proteins (+TTPs) bind the microtubule end with a higher affinity
than the wall [66], and one of the proposed mechanisms is their
recognition of a unique structural feature of the growing end
[67,68]. These effects should be of direct relevance with the spatial
structure of the edge line, the lateral gap between protofilaments,
and, therefore the sheet length.

Indicated roles of some +TIPs such as EB1/Mal3p. Our
simulations have clearly revealed that there exists a steady energy
barrier during the closure of a sheet, and the sheet-to-tube process
needs to be activated. It has been supposed by experiments that a
kind of microtubule associated proteins, EB1 in vertebrates and its
homolog Mal3p in schizosaccharomyces pombe, can bind the
seam. In the presence of such proteins, the microtubule growth is
promoted [23]. However, the details of the molecular and
energetic mechanisms of EB1/Mal3p in microtubule growth are
as yet unclear and beyond the scope of this study.

Besides the function of helping the seam to zip, some +T1Ps are
speculated to have some other roles in promoting the microtubule
growth. Firstly, +TIPs may facilitate the assembly of longer tubulin
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oligomers in addition to individual tubulin dimers by associating
the dimers along its length in solution and adding the whole
oligomer into the growing microtubule [69]. Secondly, because of
this template effect of +TIPs for oligomer assembly, the dimers are
pre-straightened before adding onto the microtubule end, thus the
whole microtubule structure is more firm and the closure is
facilitated. These influences of assembly units and configurations
on the global microtubule growth can also be conveniently
investigated by this model.

Mechanical influences of GTP hydrolysis. GTP hydrolysis
is directly bound up with the microtubule dynamics. Tubulin
dimers bind two GTP molecules. GTP at the N-site of a-tubulin is
non-exchangeable, whereas GTP at the E-site of f-tubulin will
hydrolyze into GDP after assembly [70]. It is commonly agreed
that the main body of a microtubule is made of GDP-tubulins,
although the GTP distribution at the sheet structure at the
growing end is yet unclear. However, some experiments suggest
that the microtubule lattice also contains scattered GTP-tubulin
remnants, meaning that the hydrolysis is sometimes incomplete
during polymerization [51,52]. Currently, the moment and
condition for GTP to hydrolyze, as well as the influence of GTP
hydrolysis on the properties and behavior of microtubules, is little
known. In this paper, microtubule models with a sheet in different
nucleotide states have been compared. We have also tested the
models in which the tubulins in the closed lattice are not in the
same nucleotide state and, namely the conformational state. No
distinction is found with respect to the sheet-to-tube curvature
conversion process, implying that the conformational change of
tubulins resulted from GTP hydrolysis hardly interferes with the
mechanic requirement of the global conformation evolution of a
growing microtubule. The conformational change may mainly
influence the depolymerization process. For example, it weakens
the lateral interaction and facilitates the ram’s horn-like peeling of
protofilaments, and the GTP remnants in the lattice could help
rescue the microtubule from shortening [69,70].

Model discussions

The equilibrium value of the lateral bending
The lateral bending potential energy is essential
for the simulation of the microtubule behavior which involves the
dynamic closure of the open sheet at its growing end. This type of
interaction has not been considered in previous coarse-grained
models aimed at simulating the assembly and disassembly of
tubulins [33,34]. Meanwhile, there is a shortage of direct
experimental evidence for its value. Considering that the sheet
structure is highly likely to be crucially involved in the microtubule
nucleation [18,19,22] and growth [10,71,72] and that the sheet
structure is commonly formed by tubulins in the presence of zinc
ions [41,42], the equilibrium value of the lateral bending potential
energy is taken to be zero [35]. This treatment is acceptable for
revealing the growth stabilizing role of the sheet and the energy
accumulation mechanism in the microtubule body. Based on this
definition, we have successfully found the equilibrium sheet-ended
microtubule structure [35] and have modeled the sheet-to-tube
transition process, which are consistent with relevant experiments.
Our results serve as effective support for the conformational cap
model.

Influences of the interaction definitions. Our model has
three kinds of interactions that are not fully experimentally based,
and their values are assumed as kldoiﬂgd'al =k1b(f;‘§ /50,

kfy?Cdr"il:kgﬁ“d/SO, and Kgiag =Kiong [35]. Our previous work
has demonstrated that the variations of the two dihedral angles
have little influence on the total energy [35]. The diagonal

Interaction majorly acts to restrain the fluctuations of tubulin

interaction.
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positions and make the calculation converge faster. Here, we
examine the influence of these values on the energy evolution
during the closure process and validate our assumptions.

We vary each constant value independently by keeping the
other two at their originally assumed values. Fig. 9 shows the
results. No surprisingly, the 10-fold changes of kﬂj:gdml and
kig{mdml do not make notable differences on the energy and
conformation evolutions. With changing kgiag, the energy barriers
alternate. A smaller Kgjag-value results in a larger barrier, due to
the increased flexibility of the model and the resultant larger
tubulin displacements during the calculation process, but the stable
state is soon found. Moreover, the equilibrium energy stepping
remains the same and the energy barrier value is stable for each
closure, so all conclusions in the paper can be validated.

Limitations and further directions. In order to elucidate a
complete spatiotemporal evolution of conformation and energy
during the microtubule growth, it is desired to authentically
include the mechanisms of closure and hydrolysis in the model.
This requires more explicit information about the details of these
processes, e.g., direct experimental evidences for the evolutions of
structure, interaction, and energy. Besides, the bond rupture,
namely, the depolymerization is not considered in the presented
model. We hope that a systematic modeling of the integrated
dynamic process of tubulin assembly, sheet closure, and
protofilament peeling can be accomplished in the next step.
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Figure 9. Influences of interaction constants on the energy
barrier and energy difference between two equilibrium states
during closure. (a—c) Influences of the interaction constants of lateral
dihedral, longitudinal dihedral, and diagonal tension or compression,
respectively.

doi:10.1371/journal.pone.0029049.g009
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Supporting Information

Movie S1 Sheet to tube transition process of a sheet-
ended microtubule. A sheet structure of ten monomers in
length gradually experiences a curvature transition and closes into
sheet.

MOV)

Movie $2 Growth simulation of a sheet-ended microtu-
bule. The tubulin assembly and sheet closure are in step with

each other and the growth style is demonstrated alike Tetris.
MOV)

References

1. Hawkins T, Mirigian M, Yasar MS, Ross JL (2010) Mechanics of microtubules.
J Biomech 43: 23-30.

2. Howard J, Hyman AA (2003) Dynamics and mechanics of the microtubule plus
end. Nature 422: 753-758.

3. Desai A, Mitchison TJ (1997) Microtubule polymerization dynamics. Annu Rev
Cell Dev Biol 13: 83-117.

4. Heald R, Nogales E (2002) Microtubule dynamics. J Cell Sci 115: 3-4.

5. Carlier MF (1989) Role of nucleotide hydrolysis in the dynamics of actin-
filaments and microtubules. Int Rev Cytol 115: 139-170.

6. Erickson HP, Stoffler D (1996) Protofilaments and rings, two conformations of
the tubulin family conserved from bacterial FtsZ to alpha/beta and gamma
tubulin. J Cell Biol 135: 5-8.

7. Krebs A, Goldie KN, Hoenger A (2005) Structural rearrangements in tubulin
following microtubule formation. EMBO Rep 6: 227-232.

8. Mandelkow EM, Mandelkow E, Milligan RA (1991) Microtubule dynamics and
microtubule caps — a time-resolved cryoelectron microscopy study. J Cell Biol
114: 977-991.

9. Hyman AA, Karsenti E (1996) Morphogenetic properties of microtubules and
mitotic spindle assembly. Cell 84: 401-410.

10. Wang HW, Nogales E (2005) Nucleotide-dependent bending flexibility of
tubulin regulates microtubule assembly. Nature 435: 911-915.

11. Mitchison T, Kirschner M (1984) Dynamic instability of microtubule growth.
Nature 312: 237-242.

12. Erickson HP, O’Brien ET (1992) Microtubule dynamic instability and GTP
hydrolysis. Annu Rev Biophys Biomol Struct 21: 145-166.

13. Martin SR, Schilstra MJ, Bayley PM (1993) Dynamic instability of microtubules
— monte-carlo simulation and application to different types of microtubule
lattice. Biophys J 65: 578-596.

14. Drechsel DN, Kirschner MW (1994) The minimum GTP cap required to
stabilize microtubules. Curr Biol 4: 1053-1061.

15. Schek HT, Gardner MK, Cheng J, Odde DJ, Hunt AJ (2007) Microtubule
assembly dynamics at the nanoscale. Curr Biol 17: 1445-1455.

16. Gardner MK, Hunt AJ, Goodson HV, Odde DJ (2008) Microtubule assembly
dynamics: new insights at the nanoscale. Curr Opin Cell Biol 20: 64-70.

17. Zovko S, Abrahams JP, Koster AJ, Galjart N, Mommaas AM (2008)
Microtubule plus-end conformations and dynamics in the periphery of
interphase mouse fibroblasts. Mol Biol Cell 19: 3138-3146.

18. Chrétien D, Fuller SD, Karsenti E (1995) Structure of growing microtubule ends
— 2-dimensional sheets close into tubes at variable rates. J Cell Biol 129:
1311-1328.

19. Mozziconacci J, Sandblad L, Wachsmuth M, Brunner D, Karsenti E (2008)
Tubulin dimers oligomerize before their incorporation into microtubules. PLoS
ONE 3: e3821.

20. Pampaloni F, Florin E-L (2008) Microtubule architecture: inspiration for novel
carbon nanotube-based biomimetic materials. Trends Biotechnol 26: 302-310.

21. Amos LA (1995) The microtubule lattice — 20 years on. Trends Cell Biol 5:
48-51.

22. Vitre B, Coquelle FM, Heichette C, Garnier C, Chrétien D, et al. (2008) EB1
regulates microtubule dynamics and tubulin sheet closure in vitro. Nat Cell Biol
10: 415-421.

23. Sandblad L, Busch KE, Tittmann P, Gross H, Brunner D, et al. (2006) The
Schizosaccharomyces pombe EB1 homolog Mal3p binds and stabilizes the
microtubule lattice seam. Cell 127: 1415-1424.

24. Tran PT, Walker RA, Salmon ED (1997) A metastable intermediate state of
microtubule dynamic instability that differs significantly between plus and minus
ends. J Cell Biol 138: 105-117.

25. Chrétien D, Janédsi I, Taveau JC, Flyvbjerg H (1999) Microtubule’s
conformational cap. Cell Struct Funct 24: 299-303.

26. Arnal I, Karsenti E, Hyman AA (2000) Structural transitions at microtubule
ends correlate with their dynamic properties in Xenopus egg extracts. J Cell Biol
149: 767-774.

27. Caplow M, Ruhlen RL, Shanks J (1994) The free-energy for hydrolysis of a
microtubule-bound nucleotide triphosphate is near zero — all of the free-
energy for hydrolysis is stored in the microtubule lattice. J Cell Biol 127:
779-788.

@ PLoS ONE | www.plosone.org

10

Modeling of Dynamic Microtubule Growth

Acknowledgments

We thank Dr. Zhiping Xu for helpful discussions and constructive
comments on this work.

Author Contributions

Conceived and designed the experiments: X-QF. Performed the
experiments: X-YJ. Analyzed the data: X-QF X-Y]J. Contributed
reagents/materials/analysis tools: X-QF. Wrote the paper: X-QF X-Y]J.

28. Elie-Caille C, Severin F, Helenius J, Howard J, Muller DJ, et al. (2007) Straight
GDP-tubulin protofilaments form in the presence of taxol. Curr Biol 17:
1765-1770.

29. Mickey B, Howard J (1995) Rigidity of microtubules is increased by stabilizing
agents. J Cell Biol 130: 909-917.

30. Mahadevan L, Mitchison TJ (2005) Powerful curves. Nature 435: 895-897.

31. Bayley PM, Schilstra MJ, Martin SR (1989) A simple formulation of microtubule
dynamics — quantitative implications of the dynamic instability of microtubule
populations in vivo and in vitro. J Cell Sci 93: 241-254.

32. Chen YD, Hill TL (1987) Theoretical studies on oscillations in microtubule
polymerization. Proc Natl Acad Sci U S A 84: 8419-8423.

33. VanBuren V, Cassimeris L, Odde DJ (2005) Mechanochemical model of
microtubule structure and self-assembly kinetics. Biophys J 89: 2911-2926.

34. Molodtsov M, Ermakova E, Shnol E, Grishchuk E, McIntosh J, et al. (2005) A
molecular-mechanical model of the microtubule. Biophys J 88: 3167-3179.

35. Ji XY, Feng XQ (2011) Coarse-grained mechanochemical model for simulating
the dynamic behavior of microtubules. Phys Rev E 84: 031933.

36. Erickson HP, Pantaloni D (1981) The role of subunit entropy in cooperative
assembly — nucleation of microtubules and other two-dimensional polymers.
Biophys J 34: 293-309.

37. Kirschner MW, Honig LS, Williams RC (1975) Quantitative electron-
microscopy of microtubule assembly in vitro. ] Mol Biol 99: 263-276.

38. Simon JR, Salmon ED (1990) The structure of microtubule ends during the
elongation and shortening phases of dynamic instability examined by negative-
stain electron-microscopy. J Cell Sci 96: 571-582.

39. Miiller-Reichert T, Chrétien D, Severin F, Hyman AA (1998) Structural
changes at microtubule ends accompanying GTP hydrolysis: information from a
slowly hydrolyzable analogue of GTP, guanylyl (alpha,beta)methylenedipho-
sphonate. Proc Natl Acad Sci U S A 95: 3661-3666.

40. Nogales E, Wang HW (2006) Structural mechanisms underlying nucleotide-
dependent self-assembly of tubulin and its relatives. Curr Opin Struct Biol 16:
221-229.

41. Amos LA, Baker TS (1979) 3-dimensional structure of tubulin protofilaments.
Nature 279: 607-612.

42. Gaskin F, Kress Y (1977) Zinc ion-induced assembly of tubulin. J Biol Chem
252: 6918-6924.

43. Deriu M, Enemark S, Soncini M, Montevecchi F, Redaelli A (2007) Tubulin:
from atomistic structure to supramolecular mechanical properties. J] Mater Sci
42: 8864-8872.

44. Enemark S, Deriu MA, Soncini M, Redaelli A (2008) Mechanical model of the
tubulin dimer based on molecular dynamics simulations. J Biomech Eng 130:
041008.

45. Chothia C, Janin J (1975) Principles of protein-protein recognition. Nature 256:
705-708.

46. Steinberg I1Z, Scheraga HA (1963) Entropy changes accompanying association
reactions of proteins. J Biol Chem 238: 172-181.

47. Page MI, Jencks WP (1971) Entropic contributions to rate accelerations in
enzymic and intramolecular reactions and the chelate effect. Proc Natl Acad
Sci U S A 68: 1678-1683.

48. VanBuren V, Odde DJ, Cassimeris L (2002) Estimates of lateral and longitudinal
bond energies within the microtubule lattice. Proc Natl Acad Sci U S A 99:
6035-6040.

49. Wade RH (2009) On and around microtubules: an overview. Mol Biotechnol 43:
177-191.

50. Tseng H-C, Lu Q, Henderson E, Graves DJ (1999) Phosphorylated tau can
promote tubulin assembly. Proc Natl Acad Sci U S A 96: 9503-9508.

51. Dimitrov A, Quesnoit M, Moutel S, Cantaloube I, Pous C, et al. (2008)
Detection of GTP-tubulin conformation in vivo reveals a role for GTP remnants
in microtubule rescues. Science 322: 1353-1356.

52. Cassimeris L (2009) Microtubule assembly: lattice GTP to the rescue. Curr Biol
19: R174-R176.

53. Sept D (2007) Microtubule polymerization: one step at a time. Curr Biol 17:
R764-R766.

54. Humphrey W, Dalke A, Schulten K (1996) VMD: visual molecular dynamics.
J Mol Graph 14: 33-38.

December 2011 | Volume 6 | Issue 12 | 29049



56.

57.

58.

59.

60.

61.

62.

63.

. Stukowski A (2010) Visualization and analysis of atomistic simulation data with

OVITO - the open visualization tool. Modelling Simul Mater Sci Eng 18:
015012.

Efremov A, Grishchuk EL, Mclntosh JR, Ataullakhanov FI (2007) In search of
an optimal ring to couple microtubule depolymerization to processive
chromosome motions. Proc Natl Acad Sci U S A 104: 19017-19022.

Asbury CL, Tien JF, Davis TN (2011) Kinetochores gripping feat: conforma-
tional wave or biased diffusion? Trends Cell Biol 21: 38-46.

Coquelle FM, Vitre B, Arnal 1 (2009) Structural basis of EBI effects on
microtubule dynamics. Biochem Soc Trans 37: 997-1001.

Kikkawa M, Metlagel Z (2006) A molecular “zipper” for microtubules. Cell 127:
1302-1304.

Felgner H, Frank R, Biernat J, Mandelkow E, Mandelkow E, et al. (1997)
Domains of neuronal microtubule-associated proteins and flexural rigidity of
microtubules. J Cell Biol 138: 1067-1075.

Janosi IM, Chrétien D, Flyvbjerg H (2002) Structural microtubule cap: stability,
catastrophe, rescue, and third state. Biophys J 83: 1317-1330.

Grafmiiller A, Voth GA (2011) Intrinsic bending of microtubule protofilaments.
Structure 19: 409-417.

Bayley P, Schilstra M, Martin S (1989) A lateral cap model of microtubule
dynamic instability. FEBS Lett 259: 181-184.

@ PLoS ONE | www.plosone.org

1

64.

66.

67.

68.

69.

70.

71.

72.

Modeling of Dynamic Microtubule Growth

Caplow M, Shanks J (1996) Evidence that a single monolayer tubulin-GTP cap
is both necessary and sufficient to stabilize microtubules. Mol Biol Cell 7:
663-675.

. Wu ZH, Wang HW, Mu WH, Ouyang ZC, Nogales E, et al. (2009) Simulations

of tubulin sheet polymers as possible structural intermediates in microtubule
assembly. PLoS ONE 4: e7291.

Schuyler SC, Pellman D (2001) Microtubule “plus-end-tracking proteins™: the
end is just the beginning. Cell 105: 421-424.

Carvalho P, Tirnauer JS, Pellman D (2003) Surfing on microtubule ends. Trends
“ell Biol 13: 229-237.

Diamantopoulos GS, Perez F, Goodson HV, Batelier G, Melki R, et al. (1999)
Dynamic localization of CLIP-170 to microtubule plus ends is coupled to
microtubule assembly. J Cell Biol 144: 99-112.

Kerssemakers JWJ, Munteanu EL, Laan L, Noetzel TL, Janson ME, et al. (2006)

Assembly dynamics of microtubules at molecular resolution. Nature 442:
709-712.

Galjart N (2010) Plus-end-tracking proteins and their interactions at microtubule
ends. Curr Biol 20: R528-R537.

Wang HW, Long S, Finley KR, Nogales E (2005) Assembly of GMPCPP-bound
tubulin into helical ribbons and tubes and effect of colchicine. Cell Cycle 4:
1157-1160.

Nogales E, Wang H (2006) Structural intermediates in microtubule assembly
and disassembly: how and why? Curr Opin Cell Biol 18: 179-184.

December 2011 | Volume 6 | Issue 12 | 29049



