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The mechanical properties of microtubules have been extensively studied using a wide range of

biophysical techniques, seeking to understand the mechanics of these cylindrical polymers. Here we

develop a method for connecting all-atom molecular dynamics simulations with continuum mechanics

and show how this can be applied to understand microtubule mechanics. Our coarse-graining technique

applied to the microscopic simulation system yields consistent predictions for the Young’s modulus and

persistence length of microtubules, while clearly demonstrating how binding of the drug Taxol decreases

the stiffness of microtubules. The techniques we develop should be widely applicable to other macro-

molecular systems.
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Microtubules are essential players in a wide range of
cellular functions. The protein tubulin polymerizes to form
these filaments resulting in a hollow cylinder with a di-
ameter of about 25 nm and lengths that range from tens of
nanometers to tens of microns. Microtubules are the most
rigid structures within the cell and their mechanical stabil-
ity is particularly important for the role that microtubules
play in cell division, cellular transport, and their basic
ability to help provide cell shape. The mechanical proper-
ties of purified microtubules have been studied extensively
using many biophysical techniques, including atomic force
microscopy, thermal bending, and single molecule tech-
niques [1–11]. Since microtubules are dynamic polymers
and have intrinsic instability, many of these experimental
studies have been performed on Taxol-stabilized micro-
tubules, although the mechanical consequences of the drug
Taxol for microtubule mechanics remains unclear. The
majority of studies have found that the addition of Taxol
results in ‘‘softer’’ microtubules with a shorter persistence
length and lower Young’s modulus [1–5], while one pub-
lished study had found the opposite result [6]. Recently,
even the standard elastic model of microtubules character-
ized by a single elastic bending constant has been called
into question by reports of length-dependent stiffness [12].
Thus, in spite of decades of experimental study, many basic
questions and puzzles remain concerning the mechanics of
even individual microtubules in vitro, let alone in vivo.

Here, we combine all-atom simulations and continuum
elastic modeling in order to determine both the elastic
parameters of persistence length and Young’s modulus,
as well as to test the applicability of simple, continuum
shell elasticity for microtubules. Based on a molecular
dynamics simulation of a small section of six tubulin
monomers [13], we show that the observed fluctuations
of this section are consistent with linear elastic constants
for both bending and stretching along the microtubule axis.

From these measurements, we determine the effective
elastic properties for the microtubule wall, treated as an
elastic sheet. With the addition of Taxol, we find increased
flexibility and reduced bending and stretching moduli. We
then examine the shear strain fluctuations of the tubulin
sheet and find evidence for enhanced shear compliance,
relative to the predictions of homogenous and isotropic
elasticity. While anomalously large shear compliance has
been suggested recently in connection with length-
dependent bending stiffness of microtubules [12], we find
a much smaller degree of anisotropy than previously sug-
gested. The shear elasticity we find is closer to recent
experiments [9].
We base our atomistic simulations on known tubulin

structure. The atomic structure of the tubulin dimer was
first solved as a result of ground-breaking electron micros-
copy work on tubulin sheets [14]. An 8 Å structure of the
microtubule was solved in subsequent work, and the com-
bination of these two pieces resulted in a molecular level
model of microtubule [15]. Using this structure, we per-
formed all-atom molecular dynamics simulations on a
fragment of a microtubule with and without Taxol [13].
These were explicit solvent simulations performed using a
six monomer portion of two neighboring protofilaments
(Fig. 1). The total simulation time for both the Taxol-free
and Taxol-bound systems was 30 ns; however, analysis was
only performed on the last 25 ns to allow for equilibration.
Simulations were performed using NAMD [16], and impor-
tantly no constraints were applied to the system to help
maintain the integrity of the protofilament structure. These
simulations revealed many interesting features of the mi-
crotubule structure and its dynamics, most notably that the
addition of Taxol increases the flexibility of the dimer-
dimer interface along the protofilament. Based on this
finding, we felt that this increase in flexibility should
manifest itself at the level of the polymer and we sought
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a method to connect our microscopic simulations and with
macroscopic experimental results.

As sketched in Fig. 1, we coarse-grained our atomic
level model by replacing each tubulin monomer with a
bead placed at the center of mass of the monomer. With this
simplification, our molecular dynamics simulation is re-
duced to the dynamics of six individual beads, and by
tracking the relative motion of these beads we can extract
motions that correspond to bending, compression, and
shear modes (see Fig. 1). Most often mechanical properties
are elucidated in experiments by calculating a force-
displacement curve as the system is subjected to an applied
force. Our simulations were performed as equilibrium
molecular dynamics simulations [13] and did not include
such a force; however, we can make use of the equiparti-
tion theorem and knowledge of the energy involved in the
bending, compression or shear of a sheet, assuming a

harmonic dependence. In the case of bending, the elastic
energy can be described by the bending rigidity � of an
elastic shell formed by the protofilaments, according to

hEbendi ¼ kT

2
¼ 2p

d
�h�2i; (1)

where kT=2 is the thermal energy set by the simulation
temperature, d is the dimer repeat length, 2p is the width of
the two protofilaments, and � is the measure bending angle.
The values for the dimer length and protofilament width
were determined from our atomic model as d ¼ 8:4 nm
and p ¼ 5:2 nm. Similarly for the compression mode we
find

hEcompi ¼ kT

2
¼ p

d
Eð2DÞh�d2i; (2)

where Eð2DÞ is the 2D Young’s modulus and � ¼ �d=d is
the measured strain. Finally, the shear is determined from
fluctuations �x ¼ x� hxi in the offset x between the pro-
tofilaments:

hEsheari ¼ kT

2
¼ 3d

4p
Gð2DÞh�x2i (3)

where Gð2DÞ is the 2D shear modulus and � ¼ �x=p is
the shear strain. The distributions obtained from the
simulations were fit well by Gaussians (Fig. 2), from
which we obtained the 2D bending, Young’s, and shear
moduli for both the apo (no Taxol) and Taxol-bound cases
using Eqs. (1)–(3).
These 2D moduli are for the portion of the microtubule

wall in our simulation system, although we wish to connect
them to elastic parameters for the full microtubule. To do
this we make use thin shell mechanics. If we assume the
microtubule to be an isotropic, thin cylindrical shell of
thickness h, we know that

� ¼ Eh3

12½1� �2� ; Eð2DÞ ¼ Eh; and Gð2DÞ ¼ Gh;

(4)

where � is Poisson’s ratio and E and G are 3D moduli. If
we assume a value for � of 0.3, consistent with materials
such as nylon, we get Young’s moduli of 2.2 and 0.38 GPa
and shear moduli of 47 and 48 MPa for the apo and Taxol
microtubule, respectively (see Table I). These values are in
good agreement with experimental measurements, both in
terms of the order of magnitude and the fact that the Taxol
microtubule has a lower Young’s modulus. The effective
shell thickness h that results from these calculations is also
in line with the real thickness of the microtubule wall.
Further, since we know the moment of inertia (per unit
length and mass density) for a cylinder is I ¼ �

4 ðr4outer �
r4innerÞ, we can calculate the corresponding persistence

length as

‘p ¼ EI

kT
: (5)

FIG. 1. A depiction of the all-atom simulations system and the
bending, compression, and shear modes we capture in our
coarse-grained model.
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Putting in 12 and 8 nm for the outer and inner radii of the
microtubule [15], we get ‘p ¼ 6:9 mm for the apo micro-

tubule and 1.2 mm for the Taxol microtubule. All of these
parameters are summarized in Table I.

Apart from the differences in bending rigidity, it is
interesting to note the differences in the mean angle and
dimer spacing between the apo and Taxol simulations.
Although the difference in the mean bending angle is
small, the Taxol system does appear to adopt a slightly
more bent conformation. Experiments have found the con-

trary result where individual protofilaments stabilized with
Taxol appear more straight that those only with a non-
hydrolyzable analog of guanosine triphosphate [18]. Our
simulations are certainly limited by the relatively small
size of the system, and the bend angles may indeed be
different from the angles we would observe between two
dimers. The dimer-dimer spacing along the protofilament d
shows interesting differences between the two simulations.
In the presence of Taxol, the spacing is increased slightly
by about 1 Å, and this effect has been observed experi-
mentally where the monomer-monomer spacing along the
protofilament changes in the presence of Taxol [19,20].
Since the microtubule is constructed from discrete pro-

tofilaments, it is not obvious that a model of the micro-
tubule wall as an isotropic, continuum elastic sheet is a
good one, although some recent experiments have sug-
gested this [10,11]. By contrast, it has also recently been
suggested that there are very strong anisotropy effects,
specifically in the form of a very soft bend [21] and shear
[12] elasticity between adjacent protofilaments. Some an-
isotropy is to be expected, given the protofilament struc-
ture. Our combined observations of bending, compression,
and especially shear provide a test of this. We find, for
instance, that the implied shear modulus G corresponding
to interprotofilament sliding is much smaller than the
Young’s modulus E corresponding to axial compression
of the protofilaments. This cannot be accounted for by
isotropic elasticity where one would expect E ¼ 2Gð1þ
�Þ. However, we find that the shear moduli for both apo and
Taxol-stabilized microtubules are only about an order of
magnitude smaller than the corresponding Young’s moduli,
in contrast with the approximately 6 orders of magnitude
suggested by the model in Ref. [12], which suggested a
value for G of order 1 kPa. Our results for the shear
modulus are much closer to subsequent measurements of
Kis et al. [17], who report G in the range of 2–12 MPa.
Thus, while there are indications of anisotropy in our

TABLE I. Mechanical parameters determined from our simu-
lations for apo and Taxol microtubules. Experimental values for
E were taken from [7,10] and calculated from measured values
of the bending rigidity EI using our value for I [1–3,8].
Experimental values for G are from [9,17], and values for ‘p
are taken from [3] using Eq. (5) and the experimental values for
the bending rigidity cited above. Values for h are taken from
structural data in Ref. [15].

Apo Taxol

MD Experiment MD Experiment

� (�104 pN nm2) 1.25 0.56

Eð2DÞ (�104 pN=nm) 8.73 2.06

Gð2DÞ (pN=nm) 187 262

E (GPa) 2.2 0.33–1.3 0.38 0.13–0.17

G (MPa) 47 1.4–12 48

h (nm) 4.0 4.0 5.4 4.0

‘p (mm) 6.9 1.1–2.2 1.2 0.5–1.2
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FIG. 2. The observed angle (top), contour length (middle), and
offset (bottom) distributions from the molecular dynamics simu-
lations. The black points are from the Taxol-free or apo simu-
lations, the gray points are from the Taxol simulations, and the
lines represent best fit Gaussians to each set of simulations.
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simulations, the degree of anisotropy we observe is not
sufficient to account for the apparent length-dependent
stiffness of microtubules in Ref. [12]. It has been suggested
that the apparent length dependence may be accounted for
by the enhanced relative noise in measuring small ampli-
tude bending fluctuations [22]. Concerning the possibility
of enhanced interprotofilament bending, we note that,
although we find only an approximate tenfold enhance-
ment of shear compliance between filaments, the protofila-
ment structure provides a possible explanation for the
much larger compliance for interprotofilament bending
observed in Ref. [21]: the bending of a shell depends
much more sensitively on the shell thickness than does
the shear. Thus, given the known thinning of the micro-
tubule structure at the interface between protofilaments, a
greatly enhanced azimuthal bending compliance can be
expected. Interestingly, if this is the origin of the bending
observed by Needleman et al. [21], our finding of a very
weak effect of Taxol on shear could provide an explanation
of their report of no Taxol dependence. By contrast, as
discussed in Refs. [10,11], pointlike forces applied, e.g., by
an atomic force microscopy tip result in significant inter-
protofilament shear and axial stretching. Thus, a much
weaker effect of the riblike protofilament structure is ex-
pected for such experiments.

Although we have limited our focus to the microtubule,
these techniques should be widely applicable to other
macromolecular systems. Other studies have used molecu-
lar mechanics techniques to perform tensile tests on the
tubulin monomer [23], and more complete studies using
hybrid molecular dynamics or finite element modeling
have been applied to study mechanosensitive ion channels
[24]. The coarse-graining techniques developed here are
similar to a large number of bead-spring models that have
been developed to describe biomolecular systems (see [25]
for a nice summary of current approaches). Similar to our
case, these approaches use particles to represent one or
more atoms in the system and then apply harmonic or other
effective potentials to describe the interaction between the
particles. The application of the techniques described here
to other systems should be relatively straightforward, pro-
vided one is able to identify the basic structural units
within the larger macromolecular complex. In the case of
biological polymers such as actin filaments or DNA there is
a clear means of achieving this; however, for more com-
plicated complexes or system such as biomembranes, more
work may be required.
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