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ABSTRACT Little is known about the electrostatic/dynamic properties of microtubules, which are considered to underlie their
electrostatic interactions with various proteins such as motor proteins, microtubule-associated proteins, and microtubules
themselves (lateral association of microtubules). To measure the dielectric properties of microtubules, we developed an
experiment system in which the electroorientation of microtubules was observed under a dark-field microscope. Upon
application of an alternating electric field (0.5–1.9 3 105 V/m, 10 kHz–3 MHz), the microtubules were oriented parallel to the
field line in a few seconds because of the dipole moment induced along their long axes. The process of this orientation was
analyzed based on a dielectric ellipsoid model, and the conductivity and dielectric constant of each microtubule were calculated.
The analyses revealed that the microtubules were highly conductive, which is consistent with the counterion polarization
model—counterions bound to highly negatively charged microtubules can move along the long axis, and this mobility might be
the origin of the high conductivity. Our experiment system provides a useful tool to quantitatively evaluate the polyelectrolyte
nature of microtubules, thus paving the way for future studies aiming to understand the physicochemical mechanism underlying
the electrostatic interactions of microtubules with various proteins.

INTRODUCTION

Microtubules of eukaryotic cells play an important role in

cellular organization, intracellular transport, and cell motil-

ity. In these cellular processes, microtubules serve as mo-

lecular tracks for motor proteins such as kinesin and dynein

(1) and interact with a variety of microtubule-associated pro-

teins (MAPs) (2).

Electrostatic interaction is thought to play an essential role

in mediating these intermolecular interactions of the micro-

tubules. For instance, the processive movement of the motor

protein kinesin is modulated by its electrostatic interaction

with the microtubule; the distance traveled by the kinesin

along the microtubule is dramatically reduced by treatment

with high salt concentration or by proteolytic removal of the

acidic C-terminal tails of tubulin (3,4). This indicates that

this part of the microtubule may serve as an electrostatic

tether that keeps the kinesin molecule close to the microtu-

bule surface. A similar decrease was observed in the distance

traveled by cytoplasmic dynein by the proteolytic removal of

the C-terminal region of tubulin (5). The electrostatic inter-

action is also implicated in the lateral association of mi-

crotubules, which leads to the formation of a variety of

cellular architectures composed of microtubule bundles. In

this context, the ability of microtubules to form bundles is

affected by the presence of ions (6) or MAPs (7,8) in

solution. The morphology of the bundle appears to depend

on the species of ions (9) or the number of charges included

in the microtubule-binding domain of the MAPs (10). These

results indicate that both ions and MAPs may serve as

cationic ligands that neutralize the negative charges of mi-

crotubules (9,10), although the formulation for these obser-

vations in terms of electrostatic interaction has not yet been

presented.

Despite the potential significance of electrostatic interac-

tions in mediating and regulating their intermolecular

interactions, little is known about the electrostatic/dynamic

properties of microtubules (11,12). This situation contrasts

with the case of other biomolecular filaments such as DNA

and actin; the polyelectrolyte nature of these polymers has

been extensively characterized, and theoretical studies to ex-

plain the observed phenomena are underway (13–19).

To characterize the electrostatic/dynamic properties of mi-

crotubules, we performed dielectric measurements by using

the electroorientation method (20,21). An alternating electric

field was applied to microtubules, inducing dipoles and

aligning them parallel to the direction of the applied field. By

analysis of this electroorientation process, the microtubule

conductivity was calculated to be 1.5 6 0.1 mS/m, which is

.15 times that of the surrounding medium. This high

conductivity is probably due to counterion polarization (22–

24). Since the microtubule has a large negative potential (12),

counterions bind loosely and nonspecifically to it, whereas

their diffusional motion along the long axis is unconstrained.

Thus, the high conductivity is mainly attributed to the lon-

gitudinal movement of these counterions in response to the

applied field. The polyelectrolyte nature of microtubules

characterized in this study might define the physicochemical

basis for nonspecific electrostatic interactions between mi-

crotubules and various proteins.
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MATERIALS AND METHODS

Preparation of proteins

Tubulin was prepared from porcine brain by temperature-dependent cycles

of polymerization and depolymerization (25). Tubulin depleted of MAPs

was obtained by performing the second cycle of polymerization in a buffer

containing 0.5 M piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES) (pH

6.8) and 10% dimethylsulfoxide (DMSO) (26). Microtubules with lengths of

3–20 mm were polymerized using a short polymer segment as a seed for

polymerization (27) in BRB80 buffer (80 mM 2-morpholinoethanesulfonic

acid (MES) (pH 6.8), 2 mM MgCl2, and 1 mM EGTA). The polymerized

microtubules were stabilized by 0.2 mM taxol (T7402, Sigma, St. Louis,

MO) and centrifuged at 250,000 3 g for 12 min through glycerol cushions

(40% v/v glycerol in the BRB80 buffer). The resulting pellet was

resuspended in the BRB80 buffer containing 0.2 mM taxol at a final protein

concentration of 15 mg/ml; it was stored on ice until use.

For the preparation of subtilisin-treated microtubules (s-MTs), taxol-

stabilized microtubules in the BRB80 buffer (3 mg/ml) were incubated with

subtilisin (P-5380, Sigma) at a molar ratio of 1:1 (tubulin dimer/subtilisin) at

37�C for 2 h (28). The reaction was stopped by 2 mM phenylmethylsulfonyl

fluoride, and the mixture was centrifuged through a glycerol cushion to

separate the microtubules from the enzyme and C-terminal fragments. The

pellet was then resuspended in the BRB80 buffer containing 0.2 mM taxol.

The digestion of both a- and b-tubulin was confirmed by SDS polyacry-

lamide gel electrophoresis.

To determine the site of subtilisin cleavage, amino acid sequencing

with liquid chromatography/mass spectrometry (LC/MS; LCQ-DEACAXP,

ThermoQuest, San Jose, CA) was carried out on subtilisin-treated tubulin.

LC/MS analysis of the subtilisin-treated a-tubulin detected two cleavage

sites—at positions Asp438 and Glu443. The cleavage site in b-tubulin was not

uniquely determined because of its multiple isoforms; the possible cleavage

site is at position Ala430, Asp431, Glu432, Gln433, or Gly434.

Buffer condition

A low-salt buffer (LS buffer) composed of 1 mM MES (pH 6.7), 10 mM

MgCl2, and 80 mM EGTA, supplemented with 10 mM taxol in DMSO, was

used for electroorientation. The final concentration of DMSO was 1%. The

LS buffer had a free Mg21 concentration of 9.95 mM, as calculated by the

method of Goldstein (29). The conductivity of this buffer solution was

9.7 mS/m, as measured with a conductivity meter (Horiba, Kyoto, Japan).

The microtubules were stable in this solution for at least 3 h; all experiments

were completed within 1 h of the microtubules being transferred to the LS

buffer. EGTA was excluded from the LS buffer in electroorientation

experiments for testing the effect of ion species.

Application of electric fields and observation
of electroorientation

The orientation chamber with dimensions 6 mm 3 6 mm 3 0.15 mm was

composed of a glass slide and a coverslip that were affixed to each other by

means of double-sticky tape (Fig. 1 A). A pair of transparent electrodes was

microfabricated on the upper surface of the glass slide; a 1500-Å-thick

indium-tin-oxide (ITO)-precoated glass surface (Sanyo Shinku, Osaka,

Japan) was etched by photolithography to form a pair of parallel electrodes

with a spacing of 1006 1 mm. Each of these ITO electrodes was connected

to a coaxial cable by means of a flexible phosphor bronze plate.

For the orientation experiment, a 7-ml microtubule solution, diluted to a

final concentration of ;1 mg/ml with the LS buffer, was first applied in the

open orientation chamber; a coverslip was then placed on the top of the

chamber to complete the ceiling. The motion of individual microtubules was

observed under a dark-field microscope (Olympus, Tokyo, Japan) with a

503, 0.5–0.9 NA oil-immersion objective lens (Olympus) and 100 W

mercury-lamp illumination (OSRAM, Munich, Germany). Dark-field

images were projected onto an electron-bombarded charge-coupled device

camera (C7190 Hamamatsu Photonics, Hamamatsu, Japan) and stored using

a videocassette recorder.

To apply the AC field to the microtubule solution, sinusoidal voltage in

the frequency range of 1 kHz–10 MHz was generated by a function generator

(WAVEFactory 1952, NFCo., Yokohama, Japan) and amplified up to 22V rms

(at 1 MHz) by a power amplifier (High Speed Power Amplifier 4055, NF Co.).

The applied sinusoidal voltage was monitored using a digital oscilloscope.

The voltage applied to the electrode may get damped due to the resis-

tance, capacitance, and polarization of the electrodes. Therefore, the voltage

actually applied in the microtubule solution was estimated by the method of

FIGURE 1 (A) Top and side views of the electroorientation chamber. Side

view is vertically expanded to emphasize the structure. (B) Diagram

illustrating a dielectric ellipsoid with its long axis x placed at angle u to

the external field E. The z axis is perpendicular to the page. (C) Viscosity in
the chamber is plotted as a function of the distance from the bottom of the

electroorientation chamber. The rotational diffusion constant of microtubule

Dr was measured from the mean square rotation angle of the microtubule

Æu2æ, and h was calculated from Dr ¼ kT=phl3 Cr ¼ Æu2æ=2t, where Cr is

a form factor (Eq. 5) (55).
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Schwan (30), i.e., by using an electronic circuit simulation program (Circuit

Maker, Altium, Sydney, Australia). In this simulation, the electrode resistance

(1 V) was taken into account and coaxial cables were modeled as ideal

transmission lines. The capacitance and resistance between the electrodes

were measured using an impedance meter (Hioki E. E. Co., Ueda, Japan).

The voltage drop caused by the impedance of the electrodes was thus

estimated to be,1% at frequencies.10 kHz. The voltage drop increased at

frequencies ,10 kHz, and was estimated to be 6% at 1 kHz.

As the electric field was not uniformly generated near the edge of the ITO

electrodes, dielectrophoresis of the microtubules was inevitable in that area

(20). Thus, to avoid the effect of dielectrophoresis, the electroorientation of

only the microtubules located in the central region of the chamber (.30 mm

from the edges of both the electrodes) was analyzed. Experiments were

performed at 25 6 0.5�C.

Electroorientation model and calculation of
microtubule polarization

Since the orientation is caused by an electric-field-induced torque acting on a

microtubule filament, the orientation process was modeled as described

below, following the equivalent dipole moment method (31,32).

The microtubule is considered as an ellipsoid with rotational symmetry of

length l and radius r (Fig. 1 B). When the ellipsoid is placed with its long axis

at angle u to the electric field E*, the electrostatic torque exerted on the

ellipsoid is calculated by

Te ¼ 1=2Re½p�
3E��; (1)

where p* is the dipole moment induced in the ellipsoid and Re[ ] denotes the

real part. If we take the coordinate x in the direction of the longest axis of the

ellipsoid and coordinate y perpendicular to it (both x and y are in the plane

parallel to the direction of applied electric field), the orientation of the

ellipsoid is caused by the torque about the z axis, which is perpendicular to

the direction of electric field. This torque is thus expressed as

Tez ¼ 1=2aE
2
cos u sin u; (2)

where

a ¼ Re½a�
x � a

�
y� (3)

is the effective polarization coefficient of the ellipsoid, E ¼ jE*j, and a�x and
a�y are the polarizability of the ellipsoid in the x and y directions, respectively.

On the other hand, the viscous countertorque Tv experienced by the

ellipsoid is given by

Tv ¼ pl
3
hCr

du

dt
; (4)

where h ¼ 1.0 3 10�3 Pa�s (see Fig. 1 C) is the viscosity of the medium,

and Cr is a form factor. Assuming that l � r, Cr can be expressed as

Cr ¼
1

3ðlnðl=rÞ � 1=2Þ; (5)

where r is 12.5 nm for the microtubule.

The electrostatic torque should be balanced with the viscous counter-

torque by equating Eqs. 2 and 4, thus resulting in the following equation of

motion:

t
du

dt
¼ �cos u sin u; (6)

where t is the time constant of the orientation expressed as

t ¼ 2pl
2
hCr

ða=lÞE2 : (7)

Eq. 6 can be solved analytically for the case in which the field is applied

stepwise with the initial condition u ¼ u0 at t ¼ 0. The solution is

lnðtan uÞ ¼ lnðtan u0Þ � t=t: (8)

Based on these equations, the time constant of the orientation, t, was

calculated from the orientation angle of the ellipsoid measured as a function

of time (Eq. 8), and the effective polarization coefficient of the microtubule,

a, was obtained (Eq. 7).

Calculation of microtubule conductivity

The effective polarization coefficient a ¼ Re½a�x � a�y� is actually a param-

eter related to both the conductivity and dielectric constant of an ellipsoid.

For a high aspect ratio ellipsoid such as a microtubule, a�x and a�y can be

approximated by the following equations (32,33):

a
�
x ¼ e0e1Vðe�2 � e�1Þ=e

�
1

a
�
y ¼ e0e1Vðe�2 � e�1Þ=ðe

�
2 1 e�1Þ; (9)

where

e�j ¼ ej � isj=2pf e0: (10)

e�j is the complex dielectric constant (j ¼ 1 for the surrounding medium

and 2 for the microtubule), ej is the dielectric constant, sj is the conductivity,

e0 is the permittivity of free space, V is the volume of the ellipsoid, and

f is the frequency of the applied field. The dielectric constant of water at

25�C, e1, is 78.5. According to these equations, s2 and e2 can be obtained by
fitting the spectrum of a/l.

In the actual experiment, since the electroorientation was performed in a

solution with low ionic strength, a cloud of counterions surrounding the

microtubule may have significantly affected the orientation. Therefore, to

calculate the conductivity, the entire microtubule including the surrounding

counterion cloud was regarded as a polar entity of an ellipsoid, the radius of

which was represented by the sum of the radius of the microtubule (12.5 nm)

and the Debye length in the LS buffer (k�1 ¼ ð+
i
rie

2z2i =ee0 kTÞ
�1=2¼ 9.1

nm (34), where ri is the concentration of ions in m�3, zi is the valence of

ions, i represents each ion species, e is the elementary charge, k is the

Boltzmann constant, and T ¼ 298 K is the temperature).

Viscosity in the orientation chamber

The viscosity is assumed to be constant in the model. However, it is not

homogeneous in the orientation chamber, but increases near the glass surface

due to the wall effect (35). To analyze the electroorientation with our model,

the orientation must be measured at positions sufficiently distant from the

glass surface.

To determine the height appropriate for measurement, the viscous

coefficient h was calculated from the rotational diffusion constant of the

microtubules, Dr, at various heights above the glass surface (Fig. 1 C). The

height of each microtubule from the bottom surface of the glass was

determined by calibrating the focal plane of the microscope using the fine

adjustment knob. The result revealed that the viscosity was constant at a

height of 7–22 mm above the glass surface. Since the focal depth of the

microscope was ,6 mm, the electroorientation experiment was conducted

on a focal plane 15 mm above the bottom of the chamber.

Temperature control

To accurately calculate the viscosity, a constant temperature should be

maintained during electroorientation. However, the temperature may

increase with the application of the electric field because of excessive Joule

heating.
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Therefore, we monitored the temperature of the solution using particles of

stearic acid butyl ester (S-5001, Sigma) as a temperature indicator. Stearic

acid butyl ester is a colorless wax with a melting point of 26.8�C. To monitor

the temperature, particles of this wax (10–20 mm in size) were placed

between the electrodes in the LS buffer, and the temperature of the stage was

initially set to 24.06 0.2�C. Then, upon application of an alternating electric
field of 1.9 3 105 V/m (1 MHz), the time required to melt the particles was

measured. Continuous application of the electric field for a period of 4 s

resulted in melting of the particles (i.e., the temperature increased by;3�C),
whereas the repetitive application of the electric field for a period of 3 s with

an interval of 7 s left the particles intact.

Based on these results, for the electroorientation conducted at 25.0 6

0.5�C, we applied an electric field of ,1.9 3 105 V/m for a period ,3 s

with an interval .15 s. Under this condition, the increase in temperature

of the solution during measurement should be ,3�C.

Calculation of net charge density

The net charges of each a- and b-tubulin subunit at various pH values were

calculated by the method of Skoog and Wichman (36), where the number of

dissociated charges is obtained by the sum of the charges dissociated from

the amino acid side chains and the terminal amino acids. In the calculation,

the amino acid sequences of porcine a- and b-tubulin subunits were used

(37,38). One molecule each of Mg21 and GTP was included in a-tubulin,

whereas one molecule of GDP was included in b-tubulin (39). The net

charge of the tubulin dimer was then obtained by summing the net charge of

each subunit. The formation of intradimer salt bridges was not taken into

consideration in this summation (40) because the dissociated charges that

participate in the salt bridge should cancel each other and therefore would

not significantly affect the net charge of the dimer. The net charge of the

tubulin dimer thus calculated was comparable to the values obtained by

molecular dynamics simulation based on the crystal structure of tubulin (41).

RESULTS AND DISCUSSION

Observation and quantitative analysis
of electroorientation

It has been demonstrated that in response to the applied

electric field, parallel arrays of microtubules are formed due

to the dipole moment induced along the long axis of the

microtubules ((42), K. Sakata, M. Kurachi, and H. Tashiro,

RIKEN, personal communication, 1994). We first attempted

a reproduction of their results.

When the microtubules in the LS buffer solution (ionic

strength 1.11 mM) were initially observed using a dark-field

microscope, they exhibited Brownian motion in the cham-

ber, being random in orientation (Fig. 2 A, left). Upon

application of an alternating electric field (9 3 104 V/m,

1 MHz), the microtubules were oriented parallel to the field

line in a few seconds (Fig. 2 A, right, and B; see Supple-

mentary Material for video). The electroorientation occurred

at a field strength .5 3 104 V/m and in the frequency range

of 10 kHz–5 MHz. At frequencies ,10 kHz, the electro-

orientation was accompanied by a rapid flow of microtubules

due to the convection of the solution. This convection can be

FIGURE 2 Orientation of microtubules at

E¼ 93 104 V/m, frequency 1MHz. (A, Left)
Orientation of microtubules is random in the

absence of the electric field. (Right) Upon

application of the electric field, the microtu-

bules are oriented parallel to the direction of

the field line. (B) Sequential images of a

single microtubule after the onset of the

electric field taken at intervals of 0.3 s.

Arrows indicate the direction of the applied

electric field. Scale bar, 10 mm.
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attributed to the ionic current in the solution, as the flow

became more obvious when the electroorientation was per-

formed in a solution with higher ionic strength. To avoid

convection, a frequency of 1 MHz and a field strength just

sufficient to orient the microtubules was used in the fol-

lowing experiments, unless otherwise stated.

The process of electroorientation was analyzed by mod-

eling the microtubule as a dielectric ellipsoid on which elec-

trostatic and viscous countertorques were balanced (see

Materials and Methods for details). From the video record of

the electroorientation of a single microtubule, the angle of

the microtubule long axis against the direction of the field

line, u, was measured frame by frame, and ln(tanu) was

plotted as a function of time (Fig. 3 A). As expected from Eq.

8 of the model, ln(tanu) decreased linearly with time, and the

slope gives the inverse of the orientation time constant, 1/t.

When t was calculated for microtubules with various

lengths, it appeared to be proportional to the square of the

microtubule lengths, l2 (Fig. 3 B). This result is consistent

with the model (Eq. 7), given that the dielectric property of

microtubule is homogeneous along its length (a/l ¼
constant). The model also predicts that t normalized by l2

should be proportional to E�2, where E is the field strength

(Eq. 7). This relationship was confirmed with data measured

at various field strengths (0.53–1.9 3105 V/m) (Fig. 3 C).
Together, these results were consistent with the dielectric

ellipsoid model; therefore, the effective polarization coeffi-

cient of the microtubule, a, could be reliably deduced from

our measurement. The effective polarization coefficient nor-

malized for the microtubule length, a/l, was calculated to be

6.3 6 0.3 310�24 Cm/V at 1 MHz.

Dielectric properties of microtubules

The effective polarization coefficient a ¼ Re½a�x � a�y� is

actually a parameter related to both the conductivity s2 and

dielectric constant e2 of a microtubule. It is possible to ap-

proximate s2 and e2 if the frequency dependence of a is

known (see Materials and Methods for details).

Fig. 4 A shows the spectrum of a/l measured in the

frequency range of 10 kHz–7 MHz. Since the dielectric

property of the microtubule was homogeneous along its

length, the effective polarization constant was normalized by

the microtubule length for the purpose of comparison be-

tween the frequencies. The magnitude of a/l was almost

constant in the frequency range of 30–700 kHz. In the higher

frequency range, a/l gradually declined with an increase in

the frequency, and the orientation of the microtubule was not

observed at frequencies.7 MHz. The gradual decline of a/l
is not an artifact due to the voltage drop at high frequencies

(see Materials and Methods for details). In contrast, at fre-

quencies ,30 kHz, the electroorientation was accompanied

by fluid convection, and a/l measured at 10 kHz showed a

large deviation.

FIGURE 3 Quantitative analysis of microtubule electroorientation. (A)

ln(tan(u)) plotted against time. Since the taxol-stabilized microtubule is rigid

enough, u can be uniquely determined at each time instant (see Gittes et al.

(56)). Four representative examples for microtubules with lengths of 8–12

mm are shown. E¼ 1.23 105 V/m, frequency 1MHz. (B) Electroorientation

time constant t plotted as a function of the microtubule length l. t is

proportional to the square of the filament length (line represents the best fit:

t ¼ 4.1 3 109 l2.0). (C) Time constant normalized for the square of

microtubule length, t/l2, plotted as a function of the field strength E. Line
represents the best fit: t/l2 ¼ 1.2 3 1020 E�2.1.
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Fitting the spectrum by Eqs. 3, 9, and 10 using the

nonlinear least-squares Marquardt-Levenberg method (with

Maxima and GNUPLOT), s2 was estimated to be 1.5 6 0.1

3 102 mS/m (mean 6 SD of the fit) (Fig. 4 B). e2 was

estimated to be ,100, but the exact value was not deter-

mined. As shown in the simulations, the spectrum is insen-

sitive to the variation of e2 when e2 is ,100 (Fig. 4 C).
The microtubule conductivity of 1.5 3 102 mS/m is ;15

times that of the surrounding medium. Such a high conduc-

tivity can be attributed to counterion polarization (22,24,43).

A microtubule is a highly negatively charged polymer and is

therefore expected to attract counterions from the solution.

These counterions are loosely bound to the microtubule, yet

they are mobile along its length. In response to the applied

electric field, these counterions may move along the long axis

of microtubule, resulting in a high microtubule conductivity.

If this interpretation is correct, according to the counterion

condensation theory, the conductivity of microtubules should

be affected by both their charge density and the counterion

species (44,45). To validate this, the following experiments

were conducted. Since the spectrum analysis showed that

measurement at one frequency is enough to calculate the

microtubule conductivity (Fig. 4), the measurements were

performed at 1 MHz.

Effect of ion valence on polarization

The counterion polarization hypothesis predicts that the

conductivity of polyelectrolytes might depend on the ion

species in the solution. On the other hand, if the electro-

orientation is caused by the electronic polarization of the

tubulin molecule itself, the conductivity might not depend on

the ion species in the solution.

To examine the influence of ion species on the conduc-

tivity of microtubules, the electroorientation was examined

using various species of monovalent/multivalent ions (Fig.

5). Electroorientation of the microtubules was measured in a

solution containing 0.90–1.00 mM MES (pH 6.8), 10 mM

taxol, and 10 mM of one of the following salts: KCl, NaCl,

ZnCl2, MgCl2, [Co(NH3)6]Cl3, or AlCl3. Although the

microtubules become unstable in the absence of EGTA and

Mg21 (46), the filaments remained intact for several hours

provided 10 mM taxol was included in the solution. The

result showed that in the presence of monovalent ions such

as K1 or Na1, the microtubule conductivity was ;20%

higher than that measured with divalent cations. In contrast,

in the presence of trivalent cations, the conductivity was

;75% of that measured with divalent cations.

FIGURE 4 Spectrum of the effective polarization coefficient. (A) The

effective polarization coefficient normalized for the microtubule length, a/l,
was measured as a function of the frequency of the electric field, f. The field

strength is just sufficient to orient the microtubules; E ¼ 0.71 (,700 kHz),

0.88 (700 kHz), 1.2 (1 MHz), and 1.7 (.1 MHz) 3 105 V/m. Scale bar

represents the standard error for 15–20 measurements. (B) a/l simulated by

Eqs. 3, 9, and 10, assuming e2 ¼ 10 and s2 ¼ 0.5, 1.0, 1.5, and 2.0 3 102

mS/m, respectively. The data obtained at 10 kHz was excluded in this

simulation. (C) a/l simulated by the same equations, assuming s2 ¼ 1.5 3

102 mS/m and e2 ¼ 1, 100, 300, and 1000. In both B and C, dots represent
the measured values.

FIGURE 5 Effect of ion species on microtubule conductivity. Conduc-

tivity of the solution was adjusted to 9.5 6 0.2 mS/m by controlling the

concentration of the MES buffer. E ¼ 1.2 3 105 V/m. Error bar represents

the standard error for 17–26 measurements.
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The dependence of microtubule conductivity on ion

species might be consistent with the counterion polarization

hypothesis. In comparison with cations with lower valences,

cations with higher valences are expected to be more strongly

bound to the negatively charged surface of the microtubules

due to Coulomb interaction (23,24). With an increase in the

number of valences, the fraction of counterions being

trapped in the so-called Stern layer would increase (34,47),

and these trapped counterions should have less mobility com-

pared to the counterions in the diffuse electric double layer

(48). Consequently, the conductivity of microtubules in a

solution containing ions with higher valences is expected to

be lower than that in a solution containing ions with lower

valences.

Effect of charge density on polarization

According to the counterion condensation theory, the for-

mation of counterion clouds depends on the linear charge

density of the polyelectrolyte. If the linear charge density of

the polyelectrolyte is greater than the critical value (qcrit ¼
1=zlB ¼ 4pe0ekT=e2, where e is the relative dielectric

constant of the polyelectrolyte, e0 is the permittivity of

vacuum, kT is the thermal energy, e is the elementary charge,

z is the valence of the counterion, and lB is the so-called

‘‘Bjerrum length’’), the counterions will condense around it

(24,43). In such a situation, the number of mobile counter-

ions on the polyelectrolyte is expected to be a linear function

of its charge density.

To examine the actual relationship between the conduc-

tivity and charge density of microtubules, we analyzed the

effect of pH on microtubule polarization. By changing the

pH of the solution, we varied the degree of dissociation of

the charges in tubulin and accordingly modulated the charge

density of the microtubules. The result showed that the mi-

crotubule conductivity increased as the pH of the solution

became farther from the isoelectric point of the microtubules

(pI � 4.2 (49)) (Fig. 6 A). We were unable to measure the

electroorientation below pH 5.5 because of microtubule de-

polymerization.

The microtubule conductivities were replotted as a func-

tion of the number of net charges per tubulin dimer under

each pH condition, which was calculated based on the amino

acid composition of tubulin (Fig. 6 B). The conductivity

appeared to increase linearly with the number of net negative

charges, with the x-intercept at 20 e per tubulin dimer. This

result is consistent with the counterion condensation theory,

and the threshold of net negative charges required for elec-

troorientation (20 e per tubulin dimer) may correspond to the

critical charge density for counterion condensation.

Baker et al. (12) recently calculated the electrostatic

potential for a microtubule structure based on the Poisson-

Boltzmann equation. Their result demonstrated that the ribs

of a strong negative potential field are formed along the

ridges of protofilaments, each intervened by small patches of

a positive potential field. This suggests that counterion con-

densation occurs along the ridges of individual protofila-

ments rather than occurring homogeneously along the entire

surface of the microtubule filament. In keeping with this

idea, the threshold of net negative charges derived from our

measurement—20 e per tubulin dimer—corresponds to a

linear charge density of 2.5 e/nm along a protofilament,

which is of the same order as the critical charge density

theoretically predicted for a linear polyelectrolyte (qcrit ¼ 1.4

FIGURE 6 Effect of charge density on microtubule conductivity. (A)

Conductivity of microtubules (s2) measured as a function of pH. Either

MES (pH 5–7) or HEPES (pH 7–8) was used to adjust the pH of the

medium, whereas the conductivity of the medium was kept constant by

controlling the concentration of the buffer solution (9.7 6 0.3 mS/m).

E ¼ 1.2–1.7 3 105 V/m. Scale bar represents the standard error for 30–40

measurements. (B) Conductivity of microtubules replotted as a function of

the number of net charges per tubulin dimer. The arrow indicates the data

point measured for intact microtubules at a pH of 6.7, whereas the cross

represents the conductivity of the s-MTs measured at the same pH. Since the

subtilisin cleavage site was not unique, a range of all plausible charge

densities is represented by a horizontal bar (see Materials and Methods for

details). The line represents the best fit (s 2 ¼ 4.8q–95). It should be noted

that our calculation of the net charges (abscissa) includes all the dissociated

charges in the tubulin dimer and could thus overestimate the surface charges

involved in the counterion condensation. Among the dissociated charges

included in our calculation, those of some amino acids that are not directly

exposed on the microtubule surface may or may not contribute to the coun-

terion condensation.
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e/nm for monovalent counterions and 0.7 e/nm for divalent

counterions (see 24,43)).

Contribution of the C-terminus of tubulin
to counterion polarization

In both tubulin a- and b-subunits, negative charges are

highly concentrated in the C-terminal region. In each subunit,

the disordered C-terminal region of a tubulin emerging from

a�helix 12, composed of only ;20 amino acid residues

(a.a.), contains ;50% of the net negative charges (Table 1)

(11). To assess the contribution of this highly acidic region

to the conductivity of the microtubule, we examined the

electroorientation of s-MTs, in which most of the C-terminal

region, ,1.5 kDa in size, was deleted from each subunit

(50). The result showed that the conductivity of these s-MTs

was ;60% that of the intact microtubules; this is consistent

with the number of net negative charges expected for s-MTs

(Table 2).

It has been observed that the decrease in the number of

negative charges in microtubules—whether caused by the

protease digestion or a change in the pH—resulted in a re-

duced microtubule conductivity. As shown in Fig. 6 B, the
data points fall on the same regression line, represents a linear

relationship between the charge density and conductivity of

microtubules. These results indicate that all the charges in

microtubules equally contribute to the microtubule conduc-

tivity.

Implication of nonspecific electrostatic
interactions based on the polyelectrolyte
nature of microtubules

Our analyses revealed that the microtubules had a high

conductivity, which is probably due to counterion polariza-

tion. Counterions are trapped loosely and nonspecifically in

the electrostatic field surrounding the microtubules, and they

exhibited a behavior typical of counterions in polyelectrolyte

solutions. The result was obtained under a low ionic strength

condition (;1 mM); therefore, it is not immediately ap-

plicable to the physiological ionic condition (.0.1 M).

Nevertheless, under the physiological ionic condition, the

fraction of the microtubule surface charges associated with

the counterions would be same as that measured under a low

ionic strength condition because the number of condensed

counterions is determined solely by the charge density of the

microtubule. Our result showed a linear relationship between

the microtubule conductivity and the charge density with the

x-intercept at 20 e per tubulin dimer (Fig. 6). The result

indicates that each protofilament can be approximately

considered as a linear polyelectrolyte with the x-intercept
corresponding to the critical charge density for counterion

condensation (24). Thus, based on the counterion conden-

sation theory (23), the fraction of microtubule surface charge

compensated by the condensed counterions can be deter-

mined by the equation u ¼ 1� b=zlB, where lB is the

Bjerrum length, z is the valence of the counterion, and b is

the average charge spacing of the protofilament. At pH 6.8, b
is calculated to be 0.15 nm (which is the size of the tubulin

dimer, 8 nm, divided by its charge density, 52.2 e); hence, u
is expected to be 79% in a solution of monovalent cations. It

may reach 89% in the presence of sufficient divalent cations.

The counterion condensation described by this equation is

insensitive to the salt concentration in the solution (24,51). In

short, at physiological pH and ionic strength, the majority of

the microtubule surface charges are expected to be associated

with the counterions.

The polyelectrolyte nature of microtubules may underlie

the physicochemical mechanism by which microtubules

interact with various microtubule-binding proteins. Analo-

gous to the behavior of counterions, some of these binding

interactions might be mediated by weak, nonspecific inter-

actions in which the proteins behave simply as polyvalent

cations attracted to the negatively charged surface of the

microtubules. The interaction does not require the comple-

mentary surface of each protein (lock and key mechanism).

The stability of the interaction is determined by the charge

density of the microtubules and the net positive charges

included at the binding site of the proteins. Such nonspecific

electrostatic interaction might be involved, for example, in

the processive movement of motor proteins such as kinesin

and dynein along the microtubule filament (3–5). The weak

electrostatic interaction may be advantageous because it may

TABLE 1 Distribution of charges in tubulin (pH 6.7)

a-tubulin b-tubulin

Intact w/o C-terminus C-terminus* Intact w/o C-terminus C-terminus*

Number of residues 451 434 17 445 424 21

Acidic/basicy 65/40 57/40 8/0 62/37 51/37 11/0

Number of net negative chargesz 24.8 16.7 8.1 26.1 17.2 8.9

Relative charge/residue§ 5.5 3.8 47.6 5.9 4.1 42.4

*C-terminal tail region that has no secondary-structure assignment (54).
yNumber of acidic (Asp and Glu) and basic amino acids (Lys and Arg) in the amino acid sequence.
zThe number of net negative charges of intact tubulin, as well as that of tubulin without the C-terminus, was calculated by the method of Skoog and Wichman

(36). The number of net charges in the C-terminus was calculated by subtracting the latter from the former value.
§Calculated as 100 3 (number of net negative charges/number of residues).
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allow the motors some freedom of motion along the lon-

gitudinal axes of microtubules during the weak binding state

of the motors.

The stability of the nonspecific protein-microtubule in-

teraction might be affected not only by the electrostatic

attraction between the binding pair, but also by the entropy

gained by the release of monovalent or divalent cations

condensed on the microtubule surface (52,53). As described

above, the majority of the microtubule surface charges are

associated with counterions; therefore, the binding of cat-

ionic proteins would involve the release of counterions into

solution, which is accompanied by an entropic gain. Ac-

cordingly, the thermal fluctuations of the condensed coun-

terion density along the microtubules may affect/modulate

the interaction of cationic proteins with the microtubule.

Regarding protein-protein interaction, we have largely

focused on the short-range interaction, which is dependent on

the specific, complementary structure of each protein.However,

the importance of the weak electrostatic binding interaction,

which is probably effective over a long range, has not been

recognized until recently (18,34). A better understanding of

the latter type of interaction may ultimately lend a new

perspective to the function of intermolecular interactions

mediated by cytoskeletal filaments. The experiment system

developed in this study provides a useful tool to evaluate the

polyelectrolyte nature of microtubules. Since the method

requires only a small amount of sample (;1 mg), it is appli-

cable to isotypically pure microtubules obtained by genetic

engineering (Katsuki et al., unpublished). A combination of

dielectric measurements and mutational analyses may facil-

itate future studies aiming to understand the fundamental

physicochemical mechanisms underlying the intermolecular

interactions of microtubules.
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