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ABSTRACT We used direct buckling force measurements with optical traps to determine the flexural rigidity of individual
microtubules bound to polystyrene beads. To optimize the accuracy of the measurement, we used two optical traps and
antibody-coated beads to manipulate each microtubule. We then applied a new analytical model assuming nonaxial buckling.
Paclitaxel-stabilized microtubules were polymerized from purified tubulin, and the average microtubule rigidity was calculated
as 2.0 3 10�24 Nm2 using this novel microtubule buckling system. This value was not dependent on microtubule length. We
also measured the rigidity of paclitaxel-free microtubules, and obtained the value of 7.9 3 10�24 Nm2, which is nearly four times
that measured for paclitaxel-stabilized microtubules.

INTRODUCTION

Microtubules are important components of cytoskeletal

structures, which, in conjunction with actin and intermediate

filaments, provide both the static and dynamic framework

that maintains cell structure. Microtubules resist various

internal/external forces to maintain cell shape and they

support motor proteins to generate the force required for cell

movement and changes in shape. Given the fundamental

contribution of microtubules to cellular architecture, we were

interested in quantifying microtubule deformation in re-

sponse to an external force. Flexural rigidity is one of the

parameters used to quantitate microtubule deformation. The

mechanical principle is analogous to Hooke’s law for a

spring (1) and represents the deforming force required under

the assumption that the microtubule is a homogenous thin

rod. Microtubule rigidity was first estimated by statistical

measurement of microtubule curvature in electron micro-

scopic images (2). Since then, microtubule rigidity has been

further estimated from dynamic video images using four

methods: 1), buckling force measurement using optical traps

and beads (3,4); 2), image analysis of the relaxation process

following microtubule bending (5,6); 3), image analysis of

microtubule bending via hydrodynamic flow (7,8); and 4),

image analysis of thermal fluctuations of microtubule shapes

in solution (7–13). These methods are illustrated in Fig. 1.

Although these methods are based on the same mechanical

principle, they differ with regard to the following (summa-

rized in Table 1): whether the selected process is a static or

dynamic process; whether the analysis involves classical

mechanics, statistical mechanics or hydrodynamics; the type

of force applied to manipulate the microtubule; the type of

working force on the microtubule; the balance and direction

of working forces and the microtubule internal spring force;

and the number of force fulcrums. Consequently, results

obtained using the above methods differ over a wide range of

two orders of magnitude, and thus there is no reasonable

consensus value for microtubule rigidity (Table 2). Although

the reasons for the large, method-dependent discrepancies

in the rigidity value are unclear at present, we made simple

improvements to the buckling force method toward the goal

of achieving a reliable estimate, as described below.

In a previous report, microtubule rigidity was measured

using an optical trap and immobilized beads (3). The dis-

tinctive features of this method are that the analysis uses

classical mechanics for the static process of microtubule

buckling under an external force provided by an optical trap.

Each microtubule was balanced at the force fulcrums and

the technique measured the minimum force required to

maintain microtubule buckling. This method is very specific

with respect to its simple mechanical analysis in that there

are only two working forces that do not change over time.

The optical trap approach has also been used to measure

microtubule bending in image analyses of the relaxation

process (5,6), features of which clearly differ from buckling

force measurements (Fig. 1 and Table 1). This type of study

uses hydrodynamics to analyze the dynamic process of

microtubule relaxation from the bent to the straight form.

The relaxation process is caused by a balance between the

internal spring force of a deformed microtubule and the

viscous drag force of solution flow. The viscous drag force
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changes continuously both along the microtubule and with

time, and the position of the microtubule is monitored over

time. Thus, these two phenomena are very different, and the

relaxation method is complicated by the inherent challenges

of using hydrodynamics and time-dependent analysis. Of the

above methods, buckling force measurement is the simplest

method to measure microtubule rigidity because it employs

the fewest number of assumed parameters. There are, how-

ever, experimental problems with buckling force measure-

ments caused by the use of poly-L-lysine and a single optical

trap for the microtubule; moreover, the data are dependent on

microtubule length. One previous buckling measurement

revealed that rigidity increases 10-fold depending on micro-

tubule length, although the reason for this effect was not

made clear (3).

In this study, we minimized the experimental difficulties

(see Discussion) and improved the microtubule buckling

force measurement system as follows. Anti-tubulin-coated

beads, instead of poly-L-lysine-coated beads, were adopted

as force fulcrums to bind the microtubule. These antibody-

coated beads eliminated problems associated with nonspe-

cific binding and incomplete immobilization, and affected

specific and stable immobilization between the beads and

microtubule. We also constructed two optical traps that

applied a model for buckling the microtubule in which the

constraint conditions at both force fulcrums were the same—

free to rotate but not to move laterally. This system enabled

the force fulcrums to be located on the same focal plane and

provided for easier manipulation of microtubule buckling.

During the experiments, we carefully confirmed the manip-

ulation depth, the microtubule states, buckling shape, con-

trast of image, and so on. To further increase the accuracy of

the analysis, we adopted a realistic analytical model, namely

nonaxial buckling with consideration of the bead radius,

which fit well with the experimental design and facilitated

data processing. The above improvements yielded a novel

system to measure single-microtubule buckling force using

dual optical traps and beads. We used this method to measure

rigidity in both paclitaxel-stabilized and paclitaxel-free mi-

crotubules, and we discuss the dependency of rigidity on

microtubule length.

MATERIALS AND METHODS

Preparation of microtubules and
antibody-coated beads

Microtubule proteins were prepared from bovine brain by cycling of

temperature-dependent polymerization and depolymerization (14). Purified

tubulin was obtained by phosphocellulose column chromatography of

microtubule proteins (15). Protein concentration was determined by the Bio-

Rad protein assay (Nippon Bio-Rad Laboratories, Higashi-Nippori, Japan)

calibrated using bovine serum albumin as the standard.

Microtubules were polymerized from 3 mg/ml purified tubulin in BRB80

(80 mM PIPES, pH 6.9, 1 mM EGTA, and 1 mM MgCl2) containing 1 mM

GTP and 8% DMSO at 37�C for 30–60 min. In these experiments, we used

both paclitaxel-stabilized and paclitaxel-free microtubules. Paclitaxel-stabi-

lized microtubules were obtained by diluting polymerized microtubules

10,000-fold with BRB80 containing 10 mM paclitaxel (Molecular Probes,

Eugene, OR), 1 mM GTP, and 10 mg/ml BSA. Paclitaxel-free microtubules

were obtained by diluting polymerized microtubules 1000-fold with BRB80

containing 73.7% (v/v) deuterium oxide (D2O) (Sigma-Aldrich, St. Louis,

MO), 1 mM GTP, and 10% (v/v) glycerol. D2O was added to suppress

disassembly of microtubules (16), and its addition increased the density of

TABLE 1 Features of four different methods to evaluate microtubule rigidity

Methods Process Analysis

Working force

on MT (P) Force balance

Force

direction

Number of

force fulcrums

Manipulation

force

Buckling force Static Classical mechanics Compressive force P ¼ F (keep buckling) P ¼ F Two points Optical trap(s)

Hydrodynamic flow Static Hydrodynamics Hydrodynamic

drag force

P(s) ¼ F(s) (keep bending) P(s) ¼ F(s) Continuous Fluid flow

Relaxation Dynamic Hydrodynamics Hydrodynamic

drag force

P(s,t) , F(s,t) (relaxation) P(s,t) ¼ F(s,t) Continuous Optical trap

Thermal fluctuation Dynamic Statistical

mechanics

Thermal force 1

Hydrodynamic

drag force

P(s,t) . F(s,t) (bending)

P(s,t) ¼ F(s,t)
P(s,t) , F(s,t) (relaxation)

P(s,t) 6¼ F(s,t)

P(s,t) ¼ F(s,t)

Continuous Nothing

The value s is the distance along a microtubule, and t is the time.

FIGURE 1 Four types of methods for a single microtubule rigidity mea-

surement. F is the microtubule internal spring force caused by deformation

and P is the synthetic external force working on a microtubule.
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