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Viscoelastic Properties of Microtubule Networks
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ABSTRACT: Microtubules are filamentous protein biopolymers found in eukaryotic cells. They form networks
that guide active intracellular transport and support the overall cell structure. Microtubules are very rigid polymers,
with persistence lengths as large as a millimeter. As such, they constitute an example of rodlike polymers, whose
mechanical and rheological properties are as yet poorly understood. We measure the linear and nonlinear viscoelastic
properties of isotropic solutions of purified microtubules, as well as networks permanently cross-linked with
biotin—NeutrAvidin. In the linear regime both solutions and networks are soft elastic materials with elastic moduli
on the order of a few pascals. The elastic moduli show a power-law dependence on tubulin concentration,
with G' ~ ¢, wherev ~ 1.4 for solutions and increases slightly o~ 1.6—1.8 for networks. At large
deformations, we observe a concentration-dependent yield stress. The rheology of microtubule solutions cannot
be explained by the DeiEdwards model, which treats noninteracting rigid rods. Instead, they show behavior
very similar to the permanently cross-linked networks, suggesting the presence of effective cross-linking even in
pure microtubule solutions. We develop a simple model based on transient cross-linking interactions between
microtubules to interpret the rheological response. We also calculate a lower bound estimate of the strength of
this interaction. Our data provide a framework with which to understand the dynamics and mechanics of more
physiological networks of microtubules with microtubule-associated cross-linking and motor proteins, and ultimately
to understand the role of microtubules in cell mechanics.

Introduction 10 um, and a diameteD = 25 nm.In vitro, microtubules can
h be reconstituted from purified tubulin by polymerization in the

Cells interact mechanically with their environment throu . .
y g presence of Mg and guanosine triphosphate (GTP). These

their cytoskeletona network consisting largely of filamentous : . .
protein polymers. Reconstituted solutions and networks of these'€constituted filaments have a very high aspect raid, ~
biopolymers have rich rheological and elastic properties that 10% AS such, microtubules can provide an excellent model
arise from their semiflexibility, with thermal persistence lengths SyStem with which to study the dynamics and rheology of rigid
comparable to or even much larger than their contour length. rods. Pr(.av[ous studies of entangled .rod solutlpns hg\(e addr.essed
On the extreme end of polymer stiffness are microtubules, whose®nly @ limited range of aspect ratios; colloidal rigid rodlike
persistence length is on the order of 1 &fand which form particles usually have an aspect ratio of at mo$t'¢0+ while
networks for intracellular transport and mechanical support of biopolymers like fd virus are relatively flexiblé.*Furthermore,
the cell> While the viscoelastic properties of reconstituted While most studies of entangled rod solutions have focused on
models of other cytoskeletal filaments, most notably F-actin, Steady shear properties, there have been some studies of the
have been widely studidd sitro, relatively little is known about ~ Viscoelastic propertieS:'¢In addition, there have been studies
the network properties of microtubules. Prior work has focused Of gels and cross-linked networks of rodlike, noncytoskeletal
on the dynamic properties of single filaméehtand forces ~ polymerst’—19
generated during microtubule polymerizatfohSince micro- Here we report the linear viscoelastic properties of microtu-
tubules in cells form networks that can provide structural support bule networks measured over an extended frequency range by
and assist in cellular locomotion and transport, it is also oscillatory measurements and augmented by creep tests. We
important to understand the mechanical properties of networks ajso examine the elastic behavior in the nonlinear regime by
of microtubules. The mechanical properties of microtubule performing large-amplitude oscillatory stress measurements and
networks were studied only over a narrow range of tubulin py differential measurements of the tangent elastic modulus.
concentrations and over a limited range of frequenifasere, We also investigate the viscoelastic properties of networks that
we investigate the viscoelastic properties of microtubule solu- 5 permanently cross-linked by irreversible bietheutrAvidin
tions and networks as a function of both concentration and cross-ponds. We compare our data to existing theoretical predictions
linking. and show that the solution data cannot be explained by the Doi

A microtubule is a Stiﬁ, hollow Cylinder built from 13 parallel Edwards modeﬂ? which assumes h|gh aspect ratioy noninter-
protofilaments, each composed of globular tubulin subunits. acting rigid rods. Combining these data with the similar data
Microtubules are the stiffest filaments of the cytoskeleton, with for cross-linked networks, we hypothesize that there are weak

a persistence length of a few millimeters, a contour letgth attractive interactions between microtubule filaments and we
develop a simple model to interpret the viscoelastic response
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solutions and networks can be scaled onto similar master curvesyalue plus 1 standard deviation. Pixels with intensity above the
allowing us to estimate a lower bound for the interaction force. threshold are considered to be part of a microtubule. The number
of those pixels with intensity larger than the threshold is counted
Materials and Methods per row and column. The distance between nearest-neighbor pixels
within each row and column defines a pore size. We plot the
Materials. Tubulin is purified from bovine brain following  distribution of the pore size in bothandy directions and fit it to
standard proceduré,with two cycles of polymerization and  an exponentialP(€) = P, exp(— /&), whereP, and the decay
depolymerization followed by removal of copurifying proteins on |ength, &, are fitting parameters. To obtain the distribution, we
a phosphocellulose column. Biotinylated and fluorescently labeled average about 100 images for each sample. We take the charac-
tubulin are prepared by reacting tubulin with succinimidyl esters teristic size &, as a measure of the pore size.
of biotin and Alexa 488! The tubulin is labeled in polymeric form Multiple Particle Tracking. Colloidal polystyrene beads of
to protect residues important for microtubule assembly. Functional diameters,a, of 0.84, 1, and 2«m are mixed with the tubulin
tubulin is selected after the labeling reaction by one cycle of splution so they are embedded in the microtubule networks, where
polymerization and depolymerization. NeutrAvidin was pUrChased they can probe the pore size. The Spheres are coated W|th_.p0|y(
from Pierce Biotechnology (catalog no. 31000). NeutrAvidin is a |ysine)graft-poly(ethylene glycol) copolymer (PLG-PEG) to
protein with a molecular mass of 60 000 g/mol that forms a strong, prevent protein adsorptid:2° The adsorption procedure is per-
practically irreversible bond with biotin, with a large binding  formed by following the protocol suggested by the manufacturer

affinity, K, on the order of 18 M~1.22 (SurfaceSolutionS). Microtubule/bead solutions are gently mixed
Concentration Determination. In the presence of guanosine and transferred into a glass chamber, made from a microscope slide
triphosphate (GTP) and magnesium ions &g tubulin—GTP and a coverslip with 1-mm-thick glass spacers and sealed with

complexes assemble into microtubules. Microtubules are dynamic vacuum grease. We record the motions of particles at a rate of 30
structures that fluctuate between assembly and disassembly. Tdframes/s using a fast digital camera (Phantom v7) with an exposure
suppress this dynamic instability we stabilize the microtubules with time of 260us. Roughly 100 particles are tracked for about 2 min.

a nonhydrolyzable GTP analogue, guanosing®,5)-methylene]- We calculate the mean-squared displacement of individual tracers,
triphosphate (GMPCPPjMicrotubules coexist with a temperature-  [AX3(r)0= OX(t + 7) — x(t)|20) as a function of lag time, where
dependent concentration of unpolymerized tub&diWe measure the angular brackets indicate an average over many starting times,
the fraction of tubulin that is polymerized under our experimental t. Fora < &, the tracer particles are able to diffuse freely in the
conditions using a spectrophotometric assay. Microtubules arelocal pore at short times, whereas at longer times, their motion is
separated from unpolymerized tubulin by centrifugation and de- restricted by the presence of the microtubule network. The plateau

polymerized in BRB buffer [80 mM piperazingN'-bis(2-ethane- in the mean-squared displacement of individual particles at long
sulfonic acid) (PIPES), 1 mM Mggl1 mM ethylene glycol bigf- times can therefore be viewed as a measure of the local constraining
aminoethyl etherN,N,N',N'-tetraacetic acid (EGTA), pH 6.8],  volume, or pore size5 = a + [[Ax3(0) V2, where [Ax3(c0) (2 is
containing 1 mM dithiothreitol (DTT), at 4C for 30 min. The a measure of the distance between the particle surface and the pore

tubulin concentration is determined by measuring the absorbancewall.?6 The pore size distributions are fitted to a Poisson distribution
at a wavelength of 280 nm on a spectrophotometer. The absorbanceo obtain a characteristic pore size.
is converted to molar concentration by use of an extinction  Bulk Rheology. The mechanical response of the microtubule
coefficient of 115 000 M! cm~1.25 The molar concentration can  networks is measured with a stress-controlled rheometer (CVOR,
be converted from weight concentrations via the molecular mass Bohlin Instruments), with a 40-mm diameter stainless steel parallel
of the tubulinas-heterodimer of 110 000 g/mol (1 mg/mL tubulin  plate geometry and a gap size of 120. We use a solvent trap to
corresponds to 9.2M). We find that at 35°C virtually all tubulin prevent drying. Linear viscoelastic moduli are obtained by applying
is in polymerized form. When microtubules are kept at room a frequency-dependent, sinusoidal stre$s,), and measuring the
temperature for 2 h, however, about 90% of the tubulin remains in resulting strainy(w). To measure the mechanical response over a
polymeric form. range of stresses, we measure the elastic mod@l{®), and the
Microtubule Network Formation. Reconstituted microtubule  Vviscous modulusG"(w), at a single frequency and vary the
networks are formed by mixing purified tubulin, 1 mM GMPCPP, amplitude of the applied stress. Creep tests are used to study the
1 mM DTT, and tubulin polymerization BRB buffer. The solutions mechanical behavior of the networks on longer time scales. A
are immediately loaded in the rheometer and polymerized betweenconstant stress is applied for 100 s and then removed. The resultant
the rheometer plates ifol h at 35°C. To form cross-linked displacement is measured during creep and subsequent recovery.
networks, we use a two-step polymerization protocol. First, we In addition, we measure the behavior in the nonlinear regime with
copolymerize tubulin with biotin-labeled tubulin at 36 for 5min.  differential measurements. A small amplitude oscillatory sti@ss,
Next, we add the cross-link NeutrAvidin, load the solution in the (@) ~ |d0]€", is superposed on a steady prestregs,and the
rheometer, and wait for an hour. By variation of the tubulin 0scillatory strain responséy(w) ~ |0y|€", is measured. Provided
concentrationgr, the pore size of the networks can be changed. the oscillatory stress is less than 10% of the steady prestress, the
By variation of the molar concentration of biotin-labeled tubulin, response is linear for atip. The complex differential or tangent
cg, relative tocr, as well as the molar concentration of NeutrAvidin, ~ Vviscoelastic modulus is then given By(w,00) = [00(w)/0y(w)] s
Ccn, relative tocg, the degree of cross-linking can be varied. We
define the molar ratio®s = cg/cr and Ry = cn/cs; these control Results
the average distance between cross-links. We use both confocal Microscopic Structure of Microtubule Networks. Micro-
microscopy and multiple particle trackirfe?® to estimate the pore  tubules have a large bending rigidity, with a correspondingly
size of the networks. large persistence length of a few millimetéfswhich is about
Microscopic and Image Analysis Fluorescent images of single  100-fold larger than their contour length. Thus, to a good
microtubule filaments are acquired on an epifluorescence micro- approximation, reconstituted microtubules behave as rigid rods.
scope with a 108, NA = 0.9, oil-immersion objective. Images of  \ye dilute a solution of microtubules formed from 1 mg/mL
microtubule networks are obtained on a laser-scanning confocaly,p jin by about 100-fold to obtain images of single filaments
microscope (Zeiss LSM 510) with a 60 NA = 1.2, water- using epifluorescence microscopy, as shown in Figure 1A. We

immersion objective and 488 nm laser light for excitation. Micro- . S
tubules are polymerized from a mixture of tubulin and Alexa488- count the number of filaments of each length in bins of2

labeled tubulin at a 4:1 molar ratio. To quantify the pore size of Width and plot the length distribution of more than 4000 single
the microtubule networks, we perform image analysis on 2D filaments in the inset of Figure 1B. The distribution is quite
confocal sliceg? We locate the microtubules by binary thresholding polydisperse and is well described by an exponent, as shown
of the images. The threshold is determined as the mean intensityin Figure 1B. The characteristic filament lengthLis= 2.6 um.
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H“’ E Figure 3. Linear viscoelastic shear moduli of entangled microtubule
~ 008 : solutions (open symbols) and cross-linked networks (solid symbols)
B _ oo } for cr = 1 mg/mL (squares) and 5 mg/mL (circles). The elastic modulus,
107 ooy 1 G', dominates over the viscous modul@5,. The elastic moduli exhibit
b I a rather weak power law scaling with frequengywith an exponent
R R of 0.14 for cross-linked networks and 0.17 for entangled solutions. The
10" ; . cross-linked networks are-3 times stiffer than the solutions.

5 10 15

L (pm . . .

] o (H_ ) ) monomers per unit length of microtubulg,, and tubulin mass
Figure 1. Length distribution of microtubules. (A) Epifluorescence o ynit volume cr, the total filament length per unit volume
microscopic images of dilute solutions of fluorescently labeled micro-

tubules attached to a glass coverslip. Scale bat xm. (B) The is given by_the raticr/pL. The total filament length per mesh
microtubule length distribution, based on over 4000 filaments, follows volume, &3, is then &. Thus, the mesh siz&can be written as
an exponential decay with a characteristic length= 2.6 um, as

highlighted by the semilog plot. A linear plot is shown in the inset. 3
L
\/ Cr

&= 1)

Microtubules are formed with 13 protofilaments, with a diameter
given by the tubulin monomer size of about 5 nm and mass of
55 kD. Therefore§ ~ 0.89/@ («m), wherecr is in units of
mg/mL. We can compare these estimated pore sizes with the
values measured by analysis of confocal images. The charac-

i 2 teristic values are about @m for microtubule solutions and
10° g : i: a 1] 1.5um for cross-linked networks, as shown in Figure 2C. We
4 also determing€ by multiple particle tracking. We find similar
o 10° e ] values, 1.2¢m for microtubule solutions and 1M for cross-
= b linked networks, as shown in the inset of Figure 2C. Mesh sizes
107 £ 1 measured with multiple particle tracking are inherently some-

crosslinked  solution

gl aplinll what larger than those measured by confocal imajidgnfocal
10°E"® b S e

& 162 B Iy ow microscopy underestimates the pore size, because randomly cut
0 5 10 15 cross-sections of a 3D object are smaller than the maximum
¢ (um) pore diameter, while multiple particle tracking overestimates

Figure 2. Two-dimensional confocal microscopy slices of fluorescently € mesh size, since it does not measure pores smaller than the
labeled networks of microtubuleg«(= 1 mg/mL). (A) Entangled particle size. Nevertheless, there is good agreement between
network with a pore size of about Am. (B) Cross-linked network  the values measured with two independent techniques, and both
with a pore size of about 1,6m. Scale bar= 5 um. (C) Pore size  gre consistent with the predicted values. Analysis of Fourier

distribution measured by analysis of confocal images. (Inset) Pore sizes . - -
of microtubule solutions (open symbols) and networks (solid symbols) transforms of the confocal images gives similar values for the

obtained by particle tracking using probe particles of different diameters, Chara_‘CteriStiC length scales, n_amely, _ﬁm for microtubule
a solutions and 2.6«m for cross-linked microtubule networks.

Linear Rheology of Microtubule Networks. We polymerize

Solutions of entangled microtubules form isotropic and microtubule networkén situ between the plates of the rheom-
homogeneous networks, as shown by the confocal micrographeter. After polymerization, we measure the linear viscoelastic
in Figure 2A. Over the complete tubulin concentration range moduli by small amplitude oscillatory stress measurements with
studied (0.5-5 mg/mL), there is no apparent liquid crystalline strains of less than 0.05. The elastic modul@s, of both
structure, consistent with previous work reporting alignment only microtubule solutions and cross-linked networks always domi-
above tubulin concentrations of 5.5 mg/rfflLUpon cross- nates the viscous modulu§’, across the full experimental
linking of biotinylated microtubules with NeutrAvidin, a tet- frequency range, as shown in Figure 3; this indicates that the
ravalent cross-link of biotin, the networks become somewhat networks are predominantly elastic. The moduli depend only
inhomogeneous and the characteristic mesh size, measured fromery weakly on frequency, with an approximately power-law
the confocal images, increases slightly in both x and y directions, scaling of the elastic modulu§&’ ~ w#, with 8 = 0.17 for
as shown in Figure 2B. microtubule solutions.

We can predict a mesh siZdrom the tubulin concentration We examine the effect of cross-linking by incorporating a
using simple geometrical argumedtsWe assume that the fraction of biotinylated tubulin into the microtubules and adding
network is homogeneous and the microtubules are rigid rods NeutrAvidin, a tetravalent permanent cross-link of biotin. We
arranged on a cubic lattice. For a given mass of tubulin tune the molar concentration of biotin-labeled tubulip, as
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] ) ) g ) ) Figure 6. Creep test for microtubule solutions and cross-linked
Figure 4. (A) Linear elastic modulus of cross-linked microtubule networks. We apply a constant stress of 0.04 Pa for 100 s and measure
networks at a fixed tubulin concentratiosy & 1 mg/mL) and different the resultant strainy. The strain evolves as a power law (see inset).
NeutrAvidin/biotin ratios. Below a molar ratio of NeutrAvidin:biotin  Upon removal of the stress, the entangled networks have a residual
of 0.25,G' increases wittRy, ultimately saturating @ = 1. (B) Go  strain of 0.012, whereas the strain of cross-linked networks recovers
shows power-law scaling in the molar ratio of biotin-labeled tubulin  to nearly zero.
to tubulin, Rs, with Go ~ Rg®%, for three tubulin concentrations.

well as the NeutrAvidin concentrationy, for a fixed tubulin
concentrationgr, such that the density of cross-links, expressed
as molar ratio$g = cg/cr andRy = cn/cg, varies. At fixedcr

andcg, G'(w) increases rapidly witliRy and saturates &y = - 10 ¥
1, as shown in Figure 4A; we therefore f& = 1 in all cross- © i
0o8¢gae

S ——
TR .. “
]
3 1

o' 10°

linked samples. Upon cross-linking, the elastic modulus still 10°P’&-.._~g W3
dominates the viscous modulus, as shown by the solid symbols o S =

in Figure 3. The elastic modulus again depends weakly on 107 10" 10°10% 10"
frequency with a power-law dependence with an exponent of 4 o (Pa)

about 0.14. The elastic modulus can be varied by changing eitherFigure 7. Oscillatory measurements @' (solid symbols) ands"
the tubulin concentration or the degree of cross-linking. Since (0_I09”t SgTbmSt)Watk'afgf amplltrC]{teS 0(1; gpp"ed St_far:?) ang Str|e§s for
: : microtubuie networks , upper left, an , upper rig anda solutions
the elastic mocjulus is only weakly de.p.ende.nt on fr.equency, we (C, lower left, and D, lower right) focr = 1 mg/mL (squares), 3 mg/
can characterize the network elasticity with a single elastic m|_ (circles), and 5 mg/mL (triangles). The critical stress and strain
plateau modulusGy. For cross-linked networks, the plateau are the onset of the nonlinear elastic response, and the yield stress and
storage modulus exhibits a scalig ~ Rg®* for three values strain are defined as the stress and strain wéexjualsG'’, as shown
of cr, as shown in Figure 4BG, increases more than 3-fold by the arrows. The elastic modulus is linear up to a maximum strain
{ia 0 < of ~0.1, and the networks yield at maximum strain-e8.9 (forcr =
whenRg increases from zero to 0.1&t= 1 mg/mL and 6-fold 1 mg/mL).
whencr = 5 mg/mL, as shown in Figures 3 and 4B. Saturation
of Gois expected when the distance between cross-linking points ge|s32 |n contrast, microtubule solutions do not fully recover
becomes comparable to the mesh size. Moreover, the elasticyy the experimental time scale, having a residual strain of
modulus exhibits a power law scaling with tubulin concentration, g1
Gy ~ cr¥, with v = 1.4 for solutions and 1:61.8 for . )
permanently cross-linked networks, as shown in Figure 5. We  Nonlinear Rheology of Microtubule Networks. We probe
study the mechanical behavior at longer times by creep tests,the nonlinear elastic behavior of the microtubule networks by
where we apply a constant stress for 100 s and measure théarg_e amplitude osci_llatory stress measurements. T_he linear
resultant strain. The strain exhibits a power-law increase with regime for all cross-linked networks is small, extending only
time, y(t) = t%, with o = 0.21 for microtubule solutions aru up toy ~ 0.1, as shown in Figure 7A. As the stress increases
= 0.18 for cross-linked networks, as shown in Figure 6 and its further, the modulus of the networks starts to decrease with
inset. These weak power laws are consistent with the frequencyincreasing stress amplitude as shown in Figure 7B. The
dependence observed in the dynamic measurements. Upormicrotubule solutions have a very similar response to cross-
removal of the stress, the strain recovers to nearly zero for cross-linked networks, as shown in Figure 7C,D. We characterize the
linked networks, which is characteristic of stably cross-linked onset of the nonlinear elastic response by the critical stress and
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Figure 8. Differential elastic modulugg’, and viscous modulug”, Figure 9. Comparison of measured linear moduli of microtubule

of microtubule networks, obtained by applying a constant prestress, solutions ¢r = 1 mg/mL) with the Doi-Edwards model predictions.

0o, and measuring the deformation in response to an additional The measured elastic modulum)(is more than 10-fold higher than

oscillatory stress. The system yields at a prestress of 0.12 Pa for the 1the theoretical expectation—; moreover, no terminal relaxation is

mg/mL tubulin solution and 0.25 Pa for the cross-linked network at observed, while the theory predicts a time scale of tens of seconds.

the samecr. For cross-linked networks, our data (circles) are much smaller than
the simple effective medium model derived in the limit of high cross-

define the yield stress as the stress wit&requalsG'”, as shown link densities, wher&' ~ 10 Pa.

by the arrows in Figure 7. contour lengthd. are somewhat larger than the mesh sizin

To further explore the stress weakening in the nonlinear the semidilute regime, longitudinal diffusion of microtubules
regime, we measure the differential or tangent elastic modulus s virtually unhindered, while transverse diffusion is severely
at a tubulin concentration of 1 mg/mL. The yield prestress is |imited by neighboring microtubules and thus the perpendicular
determined from the point where the tangential elastic modulus friction is infinite. This characteristic feature is modeled as a
becomes smaller than the viscous modulus. The networks yieldfictitious tube surrounding each microtubule. When the network
at a very small stress of 0.12 Pa for microtubule solutions and js slightly deformed, the rod orientations are affected. Stress
0.25 Pa for cross-linked networks, as shown in Figure 8. This relaxation is thus determined by rotational diffusion of the rods.
observation is consistent with the yield stress found in the large The relaxation time corresponds to the time scale on which the
amplitude oscillatory stress tests, where we find a yield stress direction of the rod’s principal axis changes. Rod reorientation
of 0.1 Pa for solutions and 0.3 Pa for cross-linked networks. occurs gradua”y by a “reptation”-]ike sequence of |0ngitudina|
translational motions over a typical length scéleOn short
time scales, the rod suspension is predominantly elastic, whereas

Microtubule networks are soft viscoelastic materials with an at long times, after full structural relaxation, the suspension is
elastic modulus that dominates the viscous modulus over theviscous. By use of this “tube” model, the rotational relaxation
experimental frequency range of 0-08 rad/s. Upon addition  time can be estimated as= 1/6D;, whereD; is the rotational
of an increasing amount of permanent cross-links, the elastic diffusion of the rodsD; = D o(vL3)~2, Dy is the rotational
modulus initially increases, but it saturates when the distance diffusion of the rods in a dilute solutiom,is the number density
between cross-linking points becomes comparable to the distanceof rods, ands is a numerical factor. For a small deformation,
between entanglement points. In the linear viscoelastic regime,the complex viscosity is
cross-linked networks have larger shear moduli than microtubule
solutions. Moreover, the modulus of cross-linked networks *() = vk, T r )
depends somewhat more strongly on tubulin concentration than rw vke 1+tior,
that of solutions. There is no evidence of terminal relaxation
for either the solutions or the cross-linked networks. This The Doi-Edwards model thus predicts a linear increase of the
suggests that it takes longer than 600 s for microtubules to elastic modulus with the concentration of rods. We can directly
reptate and release the stress, which is consistent with previousompare the magnitude of the elastic modulus with the
observation$. predictions of eq 2, assuming a mean microtubule length of

The concentration dependence of the elastic modulus of 2.6 um. The precise value ¢ is not known. Here we choose
microtubule solutions and networks is slightly weaker than for § = 1 to obtain an estimate of the upper bound of the moduli
those of actin filaments. For filamentous actin, the elastic and relaxation time. The microtubule solutions are more than
modulus scales as a power-law in actin concentration with 10-fold stiffer than theoretically expected, as shown in Figure
exponents ofr = 1.4 for solutiong3% andv = 2.2-2.5 for 9. Moreover, we do not observe terminal relaxation on the
cross-linked network336:37 Actin filaments and microtubules  experimental time scale of 600 s, while the theory predicts a
have a very different bending rigidity; while actin filaments have time scale of only tens of seconds. There is also a discrepancy
a persistence length of about 20m, microtubules have a in the concentration dependence of the linear elastic modulus.
persistence length of a few millimeteérdThus, actin filaments ~ As shown in Figure 5, our data have a significantly stronger
are well described as semiflexible filaments, whereas microtu- concentration dependence than the linear increase predicted by

Discussion

bules are much better approximated as rigid rods. the model. We therefore conclude that the BRdwards model
The elastic properties of rigid rod systems are generally cannot explain our data.
interpreted in terms of the DeiEdwards modet® This model For cross-linked networks, we compare the elastic plateau

assumes that the rods are rigid, noninteracting, and of uniform modulus with a simple effective medium model derived in the
length. Solutions of slender rodlike polymers are classified into limit of high cross-link densitied®3Gy ~ Y150u, whereu is
four concentration regimes based on the number density of rods,the stretch modulus of filaments anpdis the spatial density
namely, dilute, semidilute, concentrated isotropic, and nematic. (length per volume) of filaments. Singe~ Enr2, whereE is
The concentrations of tubulin in our experiments correspond the Young’s modulus andis the microtubule radius, angd~

to the region near the onset of semidilute solutions, since the 1.7 x 102 m~2in solutions of 1 mg/mL, we finds, ~ 10* Pa.
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Figure 10. (A) Schematic of a network of rods. Under shear, induced 7

tension in the central rod segment is borne by the cross-links shown asFigure 11. (A) Dependence af ony at 0.6 rad/s for both microtubule
black circles. If the resulting force on the cross-link exceeds a maximum ; ) . ;

f, the cross-link is assum%d to break (as shown for the upper cross-?omno-nS (open symbols) a;ndbcrlpssl;llnke”d networks (solid symbols)
link). At this point of rupture, the shear stress is proportional to the I%re\éilr)l/ovﬁtr? onuc;z ?ct)ratfrg)slo at#d l:;géhggg F;g?:gg)trﬁggrc Ei?igz
concentration of rod segments (specifically, the densitys? of rods of scaledo vgrsus 3\/Nheré the stress is scaled 5@”—

per unit area in a shear plane, shown in dark gray), as well as the 4 '
average number of cross-links per filamentl(§). (B) Dependence . ) ) ) )
of the yield stress and strainy andyy, of both microtubule solutions  exhibits a linear increase of stress with strain ug/te= 0.1,

and cross-linked networks on tubulin concentratign:- ¢ for cross- whereupon it reaches a plateau, as shown in Figure 11A. This
linked networks, andy, ~ crt-?5for solutions; whereas, by contrag, lateau indicates the vield event. Thi f analvsis h n
is indistinguishable for solutions and cross-linked networks, and scalesp y t s type of analysis has bee

used to infer the attractive interactions in colloidal §&end
carbon nanotube suspensidhn order to infer the interaction

As shown in Figure 9, this value is much larger than our strength between microtubules, we can eliminate the concentra-
experimental data; moreover, this model predicts a linear tion dependence from the stress. The viscoelastic response of
concentration dependence @f, which is different from our microtubule solutions and cross-linked networks can be col-
experimental observation. This model therefore also fails to lapsed onto two separate master curves by scaling the stress by
explain the viscoelastic response of cross-linked microtubule & factor of &L, as shown in Figure 11B. The plateau of the
networks, perhaps due to the fact that the contour length is notscaled stress corresponds to the strength of the interaction per
sufficient to form many cross-links per filamef. intersection point.

Given the large discrepancy between our data and the We find small values for the force, 0.06 pN for solutions
predictions for noninteracting rigid rods, as well as the similari- and 0.15 pN for cross-linked networks. However, for a number
ties between the rheological responses of microtubule solutionsof reasons these values are likely underestimations. First, we
and cross-linked networks, we suspect that there are weakassumed that every intersection point contributes a tension to
attractive interactions, cross-links, or bonds between the mi- the filament, so that the distance between interaction points is
crotubules. We develop a simple model to estimate this comparable to the mesh size. In reality, it is very unlikely that
hypothetical interaction force, inspired by recent work on carbon all intersection points are interacting. Second, in three dimen-
nanotubed! 42 We assume for simplicity that whenever two sions the mesh size represents the average distance between
filaments cross, there is an interaction at the intersection point. points of closest approach and not points of contact. Therefore,
In the presence of a shear stress, filaments are displaced relativéhe distance between interaction points is likely larger than the
to their neighbors, disrupting these interactions. At the yield mesh size. Since the interaction force is proportional to the cube
stress, most interfilament interactions are broken; every intersec-of this distance, the “effective” mesh size of interaction points
tion can thus be assumed to contribute an average teriston,  has a dramatic effect on the value of the force. Third, the mesh
a single filament, as sketched in Figure 10A. The yield stress, sizes of microtubule solutions and cross-linked networks were

asc; 042

oy, of networks is then approximately assumed to be the same and to depend only on tubulin
concentration. However, both confocal image analysis and

o 21& ©) multiple particle tracking indicate a larger mesh size for the

Yy 52 13 cross-linked networks. This factor also results in an underesti-

mate of the interaction force in cross-linked networks. Finally,
whereL/& is the number of intersections per filament. Sidce  we assumed a homogeneous deformation with an average force
~ ¢~ 12, we predict that the concentration dependence of the that is equally distributed over all filaments. However, the yield
yield stress isoy ~ ¢r®2 Our data are reasonably consistent strain of networks is around 0.9, so the network deformation is
with this prediction, as shown in Figure 10B for both micro- likely highly nonaffine, with a distribution of forces. Since the
tubule solutions and cross-linked networks. For all tubulin force that is actually responsible for yielding the network is
concentrations, the stresstrain data measured at 0.6 rad/s larger than the assumed mean force, the actual interaction
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strength is underestimated in this model. Thus we believe that (4) Shin, J. H.; Gardel, M. L.; Mahadevan, L.; Matsudaira, P.; Weitz, D.

; i i A. Proc. Natl. Acad. Sci. U.S.2004 101 (26), 9636-9641.
th?NaCtEal yleldl.fcl)(r.ces. are h|gh|er_than thel(;/aluesl V]Ye Obltam' (5) Gardel, M. L.; Shin, J. H.; MacKintosh, F. C.; Mahadevan, L,;
eak cross-linking in our solutions could resuft from low- Matsudaira, P.; Weitz, D. AScience2004 304 (5675), 13011305.

affinity, nonspecific interactions, a small concentration of (6) Dogterom, M.; Yurke, BSciencel997, 278 (5339), 856-860.
residual microtubule-associated proteins (MAPSs), or a small (7) Dogterom, M.; Janson, M. E.; Faivre-Moskalenko, C.; Horst, A. v.
fraction of denatured tubulin. Such weak attractions can explain & Kerssemakers, J. W. J.; Tanase, C.; Mulder, BApbI. Phys. A:

. 1 Mater. Sci. Proces2002 75 (2), 331-336.
why microtubule solutions have a larger plateau modulus and (g) janmey, P. A.; Euteneuer, U.; Traub, P.; Schliwa,JMCell Biol.
longer relaxation time than predicted by the B&dwards 1991, 113 (1), 155-160. _
model. Moreover, it suggests the yield events of networks are (9) fg‘é% ;"dé?f)hvi’ggélvg-l';-? Selden, S. C.; Pollard, TJDCell Biol.
due to the breakage of some interactions for both microtubule (o) Enomoto, H.; Einaga, Y. Teramoto, Macromoleculed 985 18 (12),
solutions and cross-linked networks. Creep tests, such as those ~ 2695-2702.
shown in Figure 6, exhibit a residual strain for microtubule (11) ggfgggél\g: Sato, T.; Teramoto, Macromoleculesl997, 24 (23),
solutions, thereby strongly suggesting that cross-linking effects , , \yicrono2 s .. philipse, A. F1. Colloid Interface Sci1996 180
are weak and transient, if present at all. Calorimetry measure-""" (2) "360-370.
ments, small-angle X-ray scattering (SAXS), or freefracture (13) Graf, C.; Kramer, H.; Deggelmann, M.; Hagenbuchle, M.; Johner, C.;

electron microscopy could be used in the future to independently ~Martin, C.; Weber, RJ. Chem. Phys1993 98 (6), 4920-4928.
(14) Schmidt, F. G.; Hinner, B.; Sackmann, E.; Tang, JPKys. Re. E

confirm the existence of attractive interactions. Both solutions 200 62 (4), 5509-5517.
and cross-linked networks show strain weakening and yield (15) Kiss, G. K.; Porter, R. SL. Polym. Sci.: Polym. Phys. Efi980Q 18,
irreversibly at very small stresses on the order of'1Pa. This 361-388.

strain-weakening behavior is consistent with an earlier report (16) Lo H C.; Brant, D. AMacromolecules2002 35 (6), 2212-
of shear-thinning of microtubule networks under an applied (17) rogers, S. S.: Venema, P.; van der Ploeg, J. P. M.; van der Linden,

steady shear stre$$This strain-weakening response distin- E.; Sagis, L. M. C.; Donald, A. MBiopolymers2006 82 (3), 241—
guishes microtubule networks from other cytoskeletal protein 252. _

networks, which tend to dispay stiong stran tfers. (13) L6 81, % W ouman, & mlood 904 20(2) 73 570
difference is likely due to the much larger bending rigidity of 7150.

microtubules compared to that of actin and intermediate (20) Doi, M.; Edwards, S. FThe Theory of Polymer DynamijdSlarendon
filaments!2 Since the contour length of our reconstituted Press: Oxford, UK., 1988.

. . . (21) Protocols from Professor Tim Mitchison’s laboratory at Harvard
microtubules is a few micrometers, much smaller than the University Medical School.

persistence length (millimeters), there are no thermal fluctuations (22) Hiller, Y.; Gershoni, J. M.; Bayer, E. A.; Wilchek, MBiochem. J.

to pull out when strained. Therefore, entropic stretching is not 23) }_?87, 24{,35\(1,2[ 1§7|_1715 Drechsel. . N Unwin. N.: Mitchi .
H H yman, A. A.; Salser, S.; Drechsel, D. N.; Unwin, N.; Mitchison, T.

expected in microtubule networks. Mol. Biol. Cell 1992 3 (10), 11551167,

(24) Fygenson, D. K.; Braun, E.; Libchaber, Rhys. Re. E 1994 50 (2),

Conclusions 1579-1588.

We measured linear and nonlinear viscoelastic properties of (2%) ?'?ge(;;iCh' H. W.; Williams, R. CBiochemistryl97§ 17 (19), 3900-
microtubule solut@ons anq cross-linked networks in the semi- (26) valentine, M. T.; Kaplan, P. D.; Thota, D.; Crocker, J. C.: Gisler, T.:
dilute concentration regime over a wide frequency range. Prud’homme, R. K.; Beck, M.; Weitz, D. APhys. Re. E 2001, 64
Microtubule networks are an interesting model system for rigid (6), 061506.

. . . . . (27) Kaufman, L. J.; Brangwynne, C. P.; Kasza, K. E.; Filippidi, E.; Gordon,
rodlike polymers of high aspect ratio. Microtubule solutions are V. D.; Deisboeck, T. S.. Weitz, D. ABiophys. J2005 89 (1), 635

more elastic than predicted for noninteracting rods, which we 650.
believe is explained by the presence of weak interactions (28) Kenausis, G. L.; Voros, J.; Elbert, D. L.; Huang, N.; Hofer, R.; Ruiz-
between the filaments. On the basis of a simple model, we can Eag’(')%'d 'ﬂgi’ﬁ‘;r'g’\%g_"gggg”' J.A.; Spencer, N. D. Phys. Chem.
estimate these interaction forces. The highly nonaffine deforma- 29) pasche, s.; DePaul, S. M.; Voros, J.; Spencer, N. D.; Textor, M.
tion at large yield strains remains a challenging problem for Langmuir2003 19 (22), 9216-9225.
further theoretical investigations, since existing mean-field (30) ;eig'(?)' IigscsflseshA' R.; Williams, R. C., Jd. Biol. Chem.199Q
approaches do not apply. Our data provide a. fram.ework to (31) de Geﬁnes, P.G,; iDincus, P.; Velasco, R. M.; Brochard, Fhys.
understand the rheological consequences of adding microtubule- " 1976 37 (12), 1461-1473.
associated cross-linking and motor proteins, and ultimately the (32) Janmey, P. A.; Hvidt, S.; Lamb, J.; Stossel, TNature 1990 345
mechanical behavior of the composite cytoskeleton of actin, 33) (|E|3i2n7n%)r' g??ze-mpel M.; Sackmann, E.: Kroy, K.; Frey Fiiys. Re
intermediate filaments, and microtubules that determines me-"""" | o 190881 (12). 2614-2617.
chanics of living cells. (34) Morse, D. CPhys. Re. E 1998 58 (2), R1237R1240.
(35) Maggs, A. CPhys. Re. E 1997, 55 (6), 7396-7400.
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