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ABSTRACT This study investigates possible sources for the variance of more than two orders of magnitude in the published
values for the shear moduli of purified actin filaments. Two types of forced oscillatory rheometers used in some of our previous
work agree within a factor of three for identical samples. Polymers assembled in EGTA and Mg?* from fresh, gel-filtered
ATP-actin at 1 mg/ml typically have an elastic storage modulus (G’) of ~1 Pa at a deformation frequency of 0.1-1 Hz. G’ is
slightly higher when actin is polymerized in KCI with Ca®* and Mg?™. Gel filtration removes minor contaminants from actin
but has little effect on G’ for most preparations of actin from acetone powder. Storage of actin monomers without frequent
changes of buffer containing fresh ATP and dithiothreitol can result in changes that increase the G’ of filaments by more than
a factor of 10. Frozen storage can preserve the properties of monomeric actin, but care is necessary to prevent protein
denaturation or aggregation due to freezing or thawing.

INTRODUCTION

Actin filaments, intermediate filaments, and microtubules,Wachsstock et al., 1993, 1994), previous measurements of
individually and in association with each other, determinethe viscoelastic properties of filaments of purified actin
the elastic properties of cytoplasm. Measurements of thalone have failed to provide a consistent picture of actin
elastic resistance of cells such as activated platelets antheology. Different laboratories, measuring apparently sim-
endothelial cells suggest that their mechanical propertie#ar actin preparations at a concentration-ef mg/ml have
resemble gels with shear moduli on the order of 100-100Qeported shear moduli from 0.01 Pa to several tens of Pa
Pa. These elastic moduli allow cells to maintain their shapgTable 1). Lacking a rigorous theory to relate the macro-
when exposed to shear stresses of this magnitude exerted Byopic viscoelasticity of networks composed of un-cross-
their active contractile machinery or by fluid flow in blood |inked, worm-like actin polymers to their well characterized
vessels (Evans et al., 1993; Oliver et al., 1994). Changes ificroscopic flexibility, there has been no firm theoretical
cell shape presumably result from variations in cytoskeletabasis to evaluate these widely discrepant measurements.
architecture, and actin polymers are major components Qkecent progress in theoretical modeling of semiflexible
cytoskeletal networks in these and other cell types. polymers suggests that quantitative solutions might soon be
Actin filament networks are viscoelastic; that is, they ayailable and may help evaluate the experimental results
both store and dissipate mechanical energy. For oscillatorgacKintosh et al., 1995; Isambert and Maggs, 1996;
deformations, the viscoelasticity is characterized by dy-satcher and Dewey, 1997; Kroy and Frey, 1996; Maggs,
namic elasticity G (also called dynamic storage modulus) 1997). On the other hand, definitive experimental charac-
and loss shear modulus’Gwhich are the ratios of stress terization of purified actin is necessary to establish the

(force/area) in and out of phase, respectively, to an imposeg|igity of these models and to evaluate how various actin-
oscillating strain (deformation). A highly elastic response ofyinging proteins alter actin rheology and influence cellular
a polymer solution is characterized by & G". mechanics

In con'lcrasg to the COHSISIteTg(;E(i)ta. Ol\r;l de_nsely crolss-lllglgiq Two groups that previously reported very different values
actin gels (Janmey et al., a, Maciver et al., for viscoelastic parameters of purified actin filaments have

collaborated to explore the basis for these discrepancies. In
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1998. chanical perturbations during rheological testing or on un-
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TABLE 1 Reports of rheological parameters for purified actin filaments
Concentration Frequency

Purification Ligands (mg/ml) (Hz) G (Pa) G (Pa) |G*| (Pa) Reference
Muscle, cycled CaATP 2.0 0.02-0.35 0.1-0.2 0.05-0.14 Maruyama et al., 1974
Muscle, GF CaATP 1.7 0.08-1.6 1-4 0.5-4.5 Jen et al., 1982
Muscle, cycled CaATP 1.0 0.004-0.09 0.06-0.13 Zaner and Stossel, 1982
Muscle, GF CaATP 1.0 0.004-0.09 0.08-0.22 Zaner and Stossel, 1982
Muscle, GF CaATP 1.0 0.005-0.1 0.06-0.1 0.02-0.04 Zaner and Stossel, 1983
Liver, cycled CaATP 0.8 0.001-0.1 0.012-0.03 0.01-0.03 Oppermann and Jaberg, 1985
Amoeba, GF CaATP 1.0 0.0002-1.0 1.0-2.0 0.2-1.0 Sato et al., 1985
Muscle, GF CaATP 1.0 0.0002-1.0 0.4-1.0 0.1-0.9 Sato et al., 1985
Muscle, GF CaATP 1.0 0.005-0.5 0.08-0.2 0.03-0.3 Zaner, 1986
Muscle, GF CaATP 1.0 0.00006-1 0.7-1.0 0.03-0.3 Zaner and Hartwig, 1988
Muscle, cycled CaATP 0.5 20 Janmey et al., 1988
Muscle, cycled CaATP 14G 0.005-1.6 12-15 0.04-0.08 Janmey et al., 1990b
Muscle, cycled CaADP 16G 0.005-1.6 92-100 1.3-4.0 Janmey et al., 1990b
Muscle, cycled ? 0.7 0.16 40 0.06 Hvidt and Heller, 1990
Muscle, cycled CaATP 2.0 0.16 110-500 Hvidt and Janmey, 1990
Muscle, cycled CaATP 1.3 60 Janmey et al., 1991
Muscle, cycled CaATP 15 100 Janmey et al., 1991
Muscle, cycled CaATP 2.0 283 Janmey et al., 1991
Muscle, GF MgATP 0.4 0.0002-1.0 10-20 Maciver et al., 1991
Muscle, GF MgATP 0.4 0.0002-1.0 0.1-0.2 Maciver et al., 1991
Muscle, GF ?ATP 0.6 0.004 3.4 Muller et al., 1991
Muscle, GF MgADP 1.4 0.0002-1.0 0.7-2.0 0.1-0.7 Pollard et al., 1992
Muscle, GF MgATP 14 0.0002-1.0 0.7-2.0 0.1-0.7 Pollard et al., 1992
Muscle, GF MgATP 0.3 0.0001-1.0 0.01-0.2 0.01-1.0 Ruddies et al., 1993
Muscle, cycled CaADP 16G 0.0016-1.6 0.2-0.4 0.04-0.3 Newman et al., 1993
Muscle, cycled CaATP 14G 0.0016-1.6 0.1-0.3 0.04-0.3 Newman et al., 1993
Muscle, GF MgATP 0.6 0.0002-1.0 0.2-1.0 Wachsstock et al., 1993
Muscle, cycled CaATP 1.4 0.004-16 >100 0.7-4.0 Janmey et al., 1994
Muscle, GF MgATP 0.6 0.0002-1.0 0.2-1.0 Wachsstock et al., 1994
Muscle, GF MgATP 0.3 0.09-3.0 0.02-0.05 0.008-0.07 Ziemann et al., 1994
Muscle, GF MgATP 1.0 0.2 7-15 1.4 Janssen et al., 1996
Muscle, GF CaATP 0.4 0.0004 0.5 Tempel et al., 1996
Muscle, cycled CaATP 0.7 1.6 6.0 0.8 Allen et al., 1996
Muscle, GF CaATP 0.6 1.6 23 3.0 Allen et al., 1996
Aorta, cycled CaATP 1.0 1.6 1.6 0.7 Allen et al., 1996
Gizzard, cycled CaATP 0.6 1.6 1.0 0.2 Allen et al., 1996

Muscle, skeletal muscle actin; cycled, purified by cycles of polymerization and depolymerization; GF, cycled and further purified by get filyeriids,
tightly bound divalent cation and nucleotide on the monomers used for polymerization; concentration, concentration of polymerized acti) G, 1:100
gelsolin to actin monomers.

prepare and polymerize actin monomers and the machines PrepA followed the method of MacLean-Fletcher and Pollard (1980),
used for the measurements each contribute small differencd4t using Sephacryl S-300 instead of Sephadex G-150 for gel filtration.

in the observed values. After storage of actin monomerghis method is a modification of the classic method of Spudich and Watt

nder some conditions. 1 ma/ml actin filaments have arng?l). Each gram of acetone powder was extracted for 30 min on ice with
u ions, g n i v 0 ml of buffer G1 (2 mM Tris-Cl, 0.2 mM ATP, 0.5 mM dithiothreitol

elastic modulus-10 Pa. Storage in fresh buffer avoids theseprt) 0.1 mm cac), 1 mM sodium azide, pH 8.0, at 25°C). Insoluble

changes. material was pelleted by centrifugation at 16,000 rpm at 2°C for 30 min,
and the pellet was resuspended in the same volume of buffer G1 and
immediately centrifuged as before. The supernatants were combined, and
actin was polymerized by the addition of MgQb 2 mM and KCI to 50

mM at 4°C. After 1 hour, KCI was added to 0.8 M, and the actin filaments
were pelleted by centrifugation at 100,000 g for 2 h at 4°C. The

We used two slightly different methods to purify actin from rabbit skeletal filaments were depolymerized by dialysis against four 1-L changes of
muscle. Acetone powders of rabbit skeletal muscle used for preparation Ruffer G1 over 2 days at 4°C, and any remaining filaments were pelleted
(PrepA) were prepared according to the original method of Straub (1943py ultracentrifugation. The top two-thirds of the supernatant was gel
as modified by Adelstein et al. (1963). The 1989 acetone powder had beefiftered on a 2.5x 110 cm column of Sephacryl S-300 equilibrated with

stored for 2—3 years at the time of the experiments. The 1992, 1993, 1994uffer G1 to remove minor contaminants that can alter the viscosity of
and 1995 acetone powders were used within a few months of preparatiopolymerized actin (MacLean-Fletcher and Pollard, 1980). Fractions of 4 ml
The acetone powder used for preparation B (PrepB) was prepared by theere collected. The peak and following fractions were pooled and used for
method of Eichinger et al. (1991). The acetone powders were stored axperiments. Purified monomeric actin was stored at 4°C in four different
—20°C in capped plastic tubes. ways: 1) in a 15-ml plastic tube with a screw cap, 2) in a dialysis bag

MATERIALS AND METHODS

Actin purification
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equilibrated with fresh buffer G1 changed daily, 3) in a dialysis bag moduli that were two- to threefold higher for identically
equilibrated versus buffer G1 but not changed, 4) in a dialysis bag eq“"prepared actin filament samples than the Weissenberg rhe-

ibrated with deionized water. ‘ometer in Baltimore and the Rheometrics RFS Il rheometer
In PrepB, each gram of acetone powder was extracted once for 30 min

at 4°C with 20 ml of buffer G2 containing 2 mM Tris-Cl, 0.5 mM ATP, 0.5 at the Uni_\/erSity of Maryland (Fig- 1 and Table 2). In the
mM DTT, 0.2 mM CaC}, pH 8.0 (at 25°C). Insoluble material was latter two instruments, the elastic modulus’\@as 0.7 Pa
removed from the extract by filtration through cheese cloth, rinsing thewith a standard deviation of 0.1 Pa at a frequency of 0.1-0.2
residue with 5% of the total volume of buffer G2, and centrifugation at Hz for 1 mg/ml PrepA actin polymerized in Mg/EGTA

10,000 rpm for 30 min at 4°C. The monomers were polymerized by . .
addition of 50 mM KCl and 2 mM MgGCl After 2 hours at 25°C, KCl was buffer with 50 mM KCI. All three rheometers are strain

added to 0.8 M, and the actin filaments pelleted by centrifugation atcontrOIIEd' With strain set .t@iZ%’ aCt!n filament networks
100,000% g for 2 h at4°C. After depolymerization of the filaments by Were not destroyed or oriented during the measurements.
dialysis against buffer G2, remaining filaments were pelleted at 100000 Polymerization of actin monomers between the rheometer

g, and the actin monomers in the supernatant were stored froze8GC plates avoided pre-shearing and alignment of the filaments.
after freezing in small volumes (0.1-0.3 ml) in liquid nitrogen. These

samples were thawed rapidly with gentle agitation under running water at
src. Polymerization buffers

In previous studies, our laboratories polymerized actin in
different buffers, assuming that fully polymerized actin
We used two types of commercial rheometers to characterize the mechawould have a characteristic elastic modulus. Starting with

ical properties of polymerized actin solutions. Sato et al. (1985) describeqCg-ATP-actin monomers, both polymerization buffers fully

the use of the cone and plate R18 Weissenberg rheogoniometer (Sanga;Be)lymerize actin (critical concentrations0.1 uM; Pollard
Controls, Bognor Regis, England) in the small-amplitude (the strain wa = WV

less than 2%), forced oscillation mode. A solution of actin monomers Wasand Cooper,. 1986), but the SUbUIthS in _the fllgments have
mixed with concentrated polymerizing buffer and immediately placeddifferent cations bound at the high-affinity site. In low
between the stainless steel plates at 25°C. The plates were sealed wie®", KMES8 buffer containing EGTA and MgGl cat
mineral oil (Sigma Chemical Co., St. Louis, MO) to prevent sample houynd to monomers exchanges for ﬁgduring the lag
dehydration. After at leas8 h of equilibration at 25°C, multiple readings ,Phase of polymerization, yielding Iargely Mg-actin fila-

were taken at 0.1896 Hz to ensure that the sample did not change duri .. . .
the experiment, which lasted up to 8 h. The second type of instrument wa&'ents' P0|ymerlzatlon in KMC7.4 buffer containing both

a Rheometrics RFS Il (Rheometrics Scientific, Piscataway, NJ) theometelC& "~ and M92+ produces Ca-actin filaments, due to higher
The machine in Boston was equipped with a cone and plate (Janmey et agffinity of ATP-actin monomers for Ca (Estes et al. 1992;

1994), and the one at the University of Maryland Department of ChemicalGershman et al., 1994) and slow exchange of divalent
Engineering had parallel plates. Actin was polymerized between the stain(-: tions bound to filaments
less steel plates, and the plates were sealed with mineral oil. We compareda '
two concentrated polymerization buffers, which were added to 9 vol of

actin in buffer G1 or G2. The 10X KME8 contained 500 mM KCI, 10 mM

MgCl,, 10 mM EGTA, 20 mM Tris, pH 8.0. The 10X KMC7.4 contained 10

20 mM MgCl,, 1500 mM KCI, 20 mM Tris, pH 7.4.

Rheometry

Stokes’ radii and polymer lengths

Stokes’ radii were determined by gel filtration at 4°C in buffer G1 on a 10"
2.5 X 110 cm column of Sephacryl S-300 calibrated by the method of

Siegel and Monty (1966) with myoglobin, catalase, bovine serum albumin, _

and blue dextran (Sigma). The length distributions of actin filaments weref

=2 "L
measured by fluorescence microscopy after labeling with rhodamine-phalg B - i
loidin and adsorption to a glass coverslip (Xu et al., submitted for publi- awn"® o
cation). This method is valuable for comparisons but is limited to some 10° | """ = o™ ©°
extent because-10% of long filaments break during adsorption and = 0. 0 M % *
filaments shorter than 0.am appear as points of light and are grouped N . °.°‘°.o o Se®
together when measuring linear dimensions. | oo
RESULTS 10" il ool g o saernd s veroal v pd
: . : . . 10 10 102 10" 10° 10°
This collaboration sought to identify variables that account
for 'differences.that our groups have re;ported'for the rheo- Frequency (Hz)
logical properties of filaments of purified actin. We take
these variables one at a time. FIGURE 1 Mechanical properties of actin filaments measured with dif-

ferent rheometers. PrepA actin was polymerized at 1 mg/ml with concen-
trated polymerization buffer with final concentrations of 50 mM KCI, 1
Rheometers mM MgCl,, 1 mM EGTA, 2 mM Tris (pH 8.0)®, G' measured with a
. . . Weissenberg rheometef), G' measured with a Rheometrics RFS Il
Over a wide range of frequencies the Rheometrics RFS liheometer at University of Maryland (College Pall;; G’ measured with

rheometer in Boston recorded values for dynamic shea# Rheometrics RFS Il rheometer at Harvard Medical School.
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TABLE 2 Summary of rheological measurements on purified actin preparations

Concentration Frequency
Rheometer (number) (mg/ml) Powder Purification Buffer (Hz) G’ (Pa) G (Pa)
Weissenberg
12 1.0 A PrepA, GF KMES8 0.0002-1.2 0.2-1.2 0.08-1
Average value 0.19 0.7+ 0.11 0.23£ 0.03
1.0 A PrepA not GF KMES8 0.0002-1.2 0.1-1.1
1.0 A PrepA, GF, KMES8 0.0002-1.2 0.3-1.5 0.05-1
frozen*
1.0 A PrepA, GF, KMES8 0.0002-1.2 20-25 4.0-5.0
frozen*
1.0 A PrepA, GF, KMES8 0.0002-1.2 18-24 3.0-5.5
frozen*
1.0 E PrepB, frozeh KMES8 0.0002-0.4 10-30 2-10
1.0 E PrepA, GF, fresh KMES8 0.0002-1.2 0.4-1.0
1.0 E PrepA, GF, 5 days KMES8 0.0002-1.2 60-80

Rheometrics (Boston)

1.0 A PrepA, GF KMES8 0.0025-1 0.8-3.5 0.1-2.8

1.0 A PrepA, GF KMC7.4  0.0025-1 1.3-11 0.4-10

1.0 A PrepA, GF KMES8 0.16 25 1.2

1.0 A PrepA, GF KMC7.4  0.16 2.9 11

15 A PrepA, GF KMES8 0.16 14 0.6

15 A PrepA, GF KMC7.4  0.16 1.9 0.9

1.9 A PrepA, GF KMES8 0.0025-1 0.9-2.8 0.05-1.3

2.0 A PrepA, GF KMES8 0.16 1.0 0.4

2.0 A PrepA, GF KMC7.4  0.16 1.8 0.75

2.0 E PrepB, frozeh KMES8 0.16 3.3 0.8

2.0 E PrepB, frozeh KMC7.4 0.16 11 2.5

Rheometrics (Maryland)

8 0.63 A PrepA, gel filtered KMES8 0.0002-1.6 0.2-1.0 0.05-0.7
Average values 0.16 0.56* 0.12 0.20*= 0.04
7 1.0 A PrepA, gel filtered KMES8 0.0002-1.6 0.3-1.2 0.08-0.9
Average values 0.16 0.69+ 0.11 0.25% 0.04
7 1.0 A PrepA, gel filtered KMC7.4 0.0002-1.6 0.3-1.7 0.08-0.9
Average values 0.16 0.85+ 0.2 0.21+ 0.05

A, Adelstein acetone powder; E, Eichinger acetone powder. Errors 2r8D of the mean.
*Frozen in 1-ml aliquots.
#Frozen in 50ul droplets.

The average elastic modulus '{G®f Ca-actin filaments the preparation and storage methods revealed that none of
was 23% higher than Mg-actin filaments (Table 2). Thisthe individual methodological differences can account for
difference might be related to faster polymerization inthis difference in rheological properties.

KMES8 buffer (half-time, 20 s) than KMC7.4 buffer (half-

time, 100 s). More rapid nucleation in KMES8 should, in

principle, produce a larger number of short filaments. How-Acetone powders
ever, when measured by fluorescence microscopy after réFhe two laboratories prepare the starting material for actin
action with rhodamine-phalloidin and dilution to a concen- purification, an acetone powder of rabbit skeletal muscle,
tration of a few nanomolar, the length distributions of bothslightly differently. However, fresh PrepA actin from both
preparations were exponential with the same averagacetone powders had & 1 Pa in both types of rheometers
lengths: 5.5um in KME8 and 5.6um in KMC7.4. (Table 2; Fig. 2).

Actin preparation and storage Purification

In direct comparisons at two concentrations and in bottBoth preparations start with a low-salt extraction of the
polymerization buffers, the shear moduli of filaments as-acetone powder, followed by one cycle of polymerization
sembled from actin prepared by different methods were noand depolymerization and then ultracentrifugation to re-
the same. The shear moduli of filaments of PrepB actin werenove residual filaments. PrepA actin is further purified by
higher by 2- to 30-fold than filaments of fresh, gel-filtered gel filtration to remove actin oligomers and minor contam-
PrepA actin (Table 2). Similar differences were obtained ininants that can increase or decrease the viscosity when
the Rheometrics rheometer in Boston (Table 2) and theadded back to purified actin (MacLean-Fletcher and Pol-
Weissenberg rheometer (Fig. 2). Systematic comparison dérd, 1980). Although gel filtration improves the purity of
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FIGURE 2 Comparison of Gof actin filaments polymerized from the FIGURE 3 Effect of storage and the source of PrepA actin monomers on
two types of actin preparations. PrepA actin was purified from an acetonenechanical properties of actin filaments. The graph shows the time course
powder made by the method of Eichinger (1991) and stored in a cappedf changes in Gduring storage of actin monomers. Mechanical properties
plastic tube at 4°C for 1 day®) or 5 days (). PrepB actin was purified  were measured at a frequency of 0.1896 Hz in the Weissenberg rheometer.
from the same acetone powder in Boston, stored frozen, and transported FrepA actin was purified from the 1989 acetone powdgri mg/ml; O,
Baltimore on ice in a capped plastic tulll)( Actin was polymerized at| 2 mg/ml) or from the 1992 acetone powdilk, (A, andJ, all 1 mg/ml) and
mg/ml in KMES8, and G was measured in the Weissenberg rheometer. stored at 4°C in a capped plastic tube for the indicated times.

the actin, G of filaments of PrepA actin is the same before 0.5
and after gel filtration (Table 2), as reported previously for
PrepB actin (Janmey et al., 1994).

0.4

Storage conditions

Actin can be stored without modifying its rheological prop- 0.3
erties either at 4°C (PrepA) or frozen (PrepB), but both g
methods require care. PrepB actin monomers were frozen .‘j
high concentration (5—-10 mg/ml) in small volumes100

wl) and stored at-80°C. At the time of use, frozen samples
were thawed rapidly at 37°C, clarified, and polymerized.
Carefully frozen PrepB actin, stored for up to 1 year, had the
same G as fresh actin. Slower freezing or thawing led
variably to unpolymerizable actin or to actin that gelled in

the low-ionic-strength G buffer. For example, in two of L

three experiments in which gel-filtered PrepA actin was otstlecalooiladiliglesl
frozen in 1-ml aliquots in liquid nitrogen, ‘Gvas higher 10 <0 =0 e 50 60
after freezing and thawing (Table 2). Fraction Number

PrepA actin monomers were stored at 4°C. Fresh from
P FIGURE 4 Gel filtration and gel electrophoresis of fresh actin and aged

gel ﬂltr?tlon’ all sa}mples of PrgpA actin had the S?mePrepA actin. Actin was gel filtered in buffer G1 on Sephacryl S-300 either
rheological properties. Storage in buffer G1 at 4°C in agesh (—) or after storage in a capped plastic tube for 12 days (— - —).
capped tube changed most PrepA actin samples such theiotein was detected by absorption at 280 nimse) Ten percent poly-
after polymerization both Gand G were higher than fila-  acrylamide gel electrophoresis in SDS. Lane 1, fresh actin; lane 2, aged
ments of fresh actin (Fig. 3). The onset of these change&°tn: lane 3, supernatant of polymerized aged actin.

varied from 4 days with one acetone powder to more than 3

weeks in another (Fig. 3). In a single experiment, storage of

PrepB actin monomers at 4°C in a capped tube followed bynse) or change their critical concentration for polymeriza-
polymerization also resulted in higher values df Gtorage tion for at least 1 week. However, some of the monomers
in a capped tube did not degrade actin monomers (Fig. 4ggregated, forming a gel filtration peak with a Stokes’

TT T T [T TT T T T TTrTrTTTrTriTirrnorT

o
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radius of 4.6 nm that eluted ahead of the monomeric actin 102

with a Stokes’ radius of 3.9 nm (Fig. 4). Actin dialyzed =
against buffer G1 without change or against deionized water -
aggregated similarly. Co-polymerization of fresh actin with s e ces 0 00 ® 08 a0 oo oe o os
this aged actin increased its elastic modulus (Fig. 5).
These changes in actin monomers during storage can be 10"
partially reversed by ATP (Fig. 6) or avoided entirely by & a
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10° ::_' FIGURE 6 Partial reversal of changes during storage by ATP. PrepA
- . . s So 0 000, actin from the 1989 acetone powder was stored at 4°C in a capped plastic
- .. ° .. ° ® @
- ¢ . L tube.@ andl, G'; O and[], G". Actin was polymerized at 1 mg/ml after
[~ storage for 10 day$ andO) or for 13 days, but 0.4 mM ATP was added
1 day before polymerizatiorl® and[J).
10" TR R A 111 R IR R 111 N A N U0 ]| N B AN 11] S S Wi}
, providing actin monomers with fresh buffer containing ATP
10°F S and DTT. When stored at 4°C in continuous dialysis versus
i fresh buffer G1 changed daily, monomeric actin polymer-
- izes to form filaments with the same mechanical properties
i as those assembled from fresh actin filaments. Under these
o ®oe conditions, neither Gnor G’ changed more than 5% during
i cete e L storage for 4 weeks (Fig. 7). Actin purified from five
d acetone powders was stable under these conditions. On the
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FIGURE 5 Aged actin alters the mechanical properties of fresh PrepA B o®
actin filaments. &) Fresh actin was stored in a capped plastic tube and used I °O o0 o®°
within 2 days. The aged actin was stored in a capped plastic tube for 25 10 E ° ° 0o ©
days. Mechanical properties were measured on 1 mg/ml mixtures of the - ° 4
two samples: 100% fresh acti®), 70% fresh actin and 30% aged actin -
(V), 50% fresh actin and 50% aged actix)( 30% fresh actin and 70% B
aged actinll), and 100% aged actimj. (B) Actin purified from the 1992 o2 Ll i vl ool 1l
acetone powder and used fresh or stored in a capped plastic tube for 15 104 108 10 10! 10° 10!
days. This aged actin was polymerized in 50 mM KCI, 1 mM MgQImM
EGTA, 2 mM Tris (pH 8.0) added to buffer G1. Centrifugation at Frequency (Hz)

100,000x g for 2 h pelleted the actin filaments. The supernatant contain-

ing unpolymerized actin was used for this experiment. Mechanical propFIGURE 7 Effect of dialysis of actin monomers on the mechanical
erties were measured on actin filaments at 0.61 mg@n(5’ of a mixture properties of actin filaments. PrepA actin monomers were stored in dialysis
of supernatant containing unpolymerized actin (40% of mass) and freslbags for 4 weeks. The dialysis buffer G1 was changed every@an{O)

actin (60% of mass)ll, G' of fresh actin filaments alone. or never @ and[]). ® andl, G'; O and[], G".
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other hand, after storage of actin monomers by dialysigscetone powders and the actin solutions. We conclude that
against buffer G1 without changing or by dialysis againsta number of minor differences, when combined together,
deionized water, the actin filaments had high values bf G can result in substantial differences in the observed proper-
and G (Fig. 7), similar to actin stored in a capped tube. ties. Methods used to store actin monomers can produce
major differences, but these artifacts can be avoided with
proper care. Shear alignment can affec¢t But given the
DISCUSSION very low-amplitude strains<(2%) employed here and in
Importance of the absolute values of the previous studies, it cannot explain the historic differences.

mechanical properties of actin filaments

A coherent description of the viscoelastic properties of actirftheometers

filaments is valuable for a number of reasons. Most directlyrhe two rheometers most commonly employed in earlier
relevant to cell biology, it provides a baseline to consideryork agreed within a factor of 3 when measuring identical
the effects on cell mechanics of different classes of actinggmples. This difference was greater than the experimental
binding proteins. Because cytoskeletal polymers are mucByyor of repeated measurements with either instrument but

common synthetic polymers, the well developed theories ofjitferent preparations are assayed.

rubber-like networks composed of flexible chains do not
provide a conceptual framework to predict the material o -
properties of the cytoskeleton. Reliable rheological studie§olymerization conditions

of actin filament networks are required to evaluate the neWactin polymerized in buffers that yielded filaments contain-
theories for semiflexible polymers (MacKintosh et al., ing predominantly either tightly bound €aor Mg?* dif-
1995; Isambert and Maggs, 1996; Satcher and Dewe)fered modestly in shear moduli. On averagé oBCa-actin
1997). filaments was 23% higher than Mg-actin filaments. There-

~ One model for actin rheology (Satcher and Dewey, 1997}ore, the influence of polymerization buffers on bound di-

filaments that bend under strain to generate a shear modulygported previously. Polymerization is slower in the

of 10,000 Pa at 10 mg/ml. The shear modulus is proporkmc?7.4 buffer, so the filaments might be somewhat longer,
tional to the square of the polymer concentration, implyinga|though we did not observe a difference in filament length
G’ = 100 Pa at 1 mg/ml. The absence of cross-linkspy jight microscopy. Ca-actin filaments may be stiffer than
between filaments must contribute to the lower valuesof G \g-actin filaments (Orlova et al., 1993, 1995), but this was
measured in the present work. In addition, the filaments,ot confirmed by Isambert et al. (1995) or Scharf and

assumed in the model may be stiffer or longer than the rea{e\wman (1995) or supported by our rheological data.
filaments, so they form a better three-dimensional lattice.

Two other theories (MacKintosh et al., 1995; Isambert -
and Maggs, 1996) consider the origin of the elastic respons@ctin purification

of an actin filament solution to be the interplay betweenpreparaﬁon methods have a modest impact on the mechan
single filament bending elasticity and loss of entropy due toca| properties of actin filaments. Acetone powders prepared
the reduction of Brownian motions of a filament under by different methods and stored at20°C for 0—3 years
shear. These models, although not yet providing a quantijie|ded PrepA actin with identical mechanical properties.
tative prediction for the shear modulus of 1 mg/ml actingeg| filtration during PrepA removes minor contaminants
filaments, do predict that this quantity will depend very {nat raise or lower the viscosity of the purified actin fila-
strongly on subtle differences in network structure. In par-nents (MacLean-Fletcher and Pollard, 1980; Casella et al.,
ticular, all models point out that the shear elasticity of an1995). These minor contaminants may account for the
actin filament solution is a sensitive function of the bendinghigher G of fresh PrepB actin prepared without gel filtra-
elasticity of its constituent filaments, the presence of Crosstion, but the effects of the minor contaminants appear to
links between filaments, and polymers long enough to bexgncel out for the most part.

come sterically intertwined. The combined effects of the two- to threefold difference
between rheometers, the 23% difference in the polymeriza-
tion buffers, and a twofold difference in the actin prepara-
tions can account for a difference of five- to eightfold in G
between the laboratories.

The aim of the current collaboration was to resolve the

long-standing differences in the measured mechanical propoqtorage

erties of actin filaments reported in the literature. We con-
sidered a number of variables, including rheometers, polyThe viscoelasticity of actin flament networks is far more
merization buffers, and methods used to prepare and stodependent on the details of sample storage than we origi-

Variables that affect the mechanical properties of
purified actin filaments
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nally appreciated. Storage of monomeric actin without fre-ments with a length exceeding the average length between
guent buffer changes can alter the mechanical properties ¢fvo entanglement points contribute to the elastic response
actin polymers by more than an order magnitude. Thesef the mesh. For realistic parameters of filament stiffness
effects of storage alone do not explain previous discrepanand concentration, filaments must be at least several mi-
cies, as no previous work was done with actin that had beegrons long to contribute to the elasticity (MacKintosh et al.,
stored for periods more than a few days. 1995; Isambert and Maggs, 1996; Maggs, 1997). These
Fortunately, storage artifacts can be avoided; the mechargffects are especially important at the low volume fractions
ical properties of actin filaments are stable for weeks if theused in our studies (0.1%) where the formation of entangled
monomeric actin is stored by dialysis against buffer Gnetworks is marginal. Filaments below a critical length,
containing ATP and DTT that is changed regularly. Alter- Which could be several microns, would not contribute to the
natively, freezing can preserve the properties of the monoelastic modulus, whereas filaments above that length would
meric actin during storage. Care is required, because freegontribute disproportionately to the modulus in a manner
ing and thawing monomeric actin before polymerization carthat increases with length. Kinks or defects in actin fila-

alter the kinetics of the rise in‘Gand the steady-state value Ments resulting from aging might promote entanglements in
of G. addition to the more gentle topological constraints caused

The nature of the change that occurs on aging is unPY the other filaments surrounding each strand as a tube-like

known. These differences in the actin are subtle, because &Pnstraint. Aging might promote contacts between the fila-
preparations appeared homogeneous by gel electrophoreghe”tfs either by nonspeplflc assc'JC|at.|ons (a}s observed by gel
(Fig. 4) and polymerized with low critical concentrations. filtration) or by formation of disulfide bridges between
The filaments with different mechanical properties appeare@UPunits in different filaments. Such entanglements would
similar by fluorescence microscopy after staining with rho-P€ Similar to specific cross-links and would increase G
damine-phalloidin. Although the changes during storages'gn'.f'cantly' A'\It.hough quorespenpe microscopy of rho-
may be physiologically unimportant and complicate exper_damlne-phallmdm-stamed actin filaments did not reveal

imental analysis, it is possible that defining the structural® 258 d|ﬁerencgs n fllamgnt length or PO".“S of h|gh'cur-
alteration that produces the rheological differences ma ature, subtle differences in length distribution may exist or

reveal additional aspects of the complex and dynamic or- ay bg prevented by the antioxidants apd sugars present in
o . the anti-bleach buffers necessary for microscopy.
ganization of actin networks.

Because the increase il @uring storage is prevented by
fresh buffer and reversed partially by addition of ATP, the
change may be related to the previously reported differencimplications for future work
in shear modulus between ATP and ADP actin. Monomeri
actin in buffer G1 hydrolyzes ATP at a rate of 10s *
monomer ! at 21°C (Pollard and Weeds, 1984), so /5

The important point for future studies is that networks of
actin filaments can be prepared reproducibly that have G
L ) values of~1 Pa for 1 mg/ml. This value is sensitive not
actin will hydrolyze part Oof the ZQQM ATP in the buffer only to the presence of actin-binding proteins but also to
over a week even at 4°C. This rise in free ADP mMayq,ye and still undefined properties of actin itself. Careful
contribute to the slow denaturation of the actin (Drewes a”%torage of monomeric actin in fresh buffer with ATP and
Faulstic_h, 1991) and the higher G’he lower concentration 1 makes the measurements highly reproducible and
of ATP in PrepA (20QuM) than prepB (5S0«M) may make  4yids the changes that produce larger values for the dy-
PrepA more susceptible to such age-dependent changes. {8 mic elastic modulus. Inclusion of a capping protein to
this merI,.denatured actin wquld remain compete.nt folsontrol polymer length also improves reproducibility.
polymerization but would acquire a new contact sité t0  Thjs collaborative investigation studied highly purified
which other filaments would adhere. Fluorescence microgctin polymers. Theoretical inferences based on the kinetics
graphs show that rhodamine-phalloidin-labeled actin fila-gf g¢tin assembly borne out by experiments have shown that
ments in polymerizing buffer containing ADP instead of sych actin preparations may contain extremely long fila-
ATP have a tendency to cluster (&t al., 1996a). This ments (Pollard, 1983; Oosawa, 19933 al., 1996b), and
finding suggests that parts of the unpolymerizable fractionsych filaments are subject to lateral alignments on the basis
of aged actin may function as transient filament cross—of steric and ionic interactions (Suzuki and Ito, 1991; Fu-
linkers. Steinmetz et al. (1997) have observed links betweepukawa et al., 1993; Tang and Janmey, 1996). In addition,
filaments of highly purified actin by electron microscopy the average lengths of individual filaments change very
and related them to actin dimers that form transiently in theslowly as a result of filament breakage and annealing or
presence of divalent cations. subunit exchange at filament ends. These phenomena con-
The recent theoretical model for the viscoelasticity oftribute to the complexity of rheological measurements and
entangled, semiflexible chains by MacKintosh et al. (1995)might be influenced by the experimental conditions ex-
suggests another possibility. Due to the stiffness of actirplored in this study. In repeated examinations, however, the
filaments, not each contact point in the polymer mesh is alselastic properties of actin filaments track monotonically
an entanglement point that resists deformation. Only fila-with their average lengths regulated by actin filament sev-
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ering and barbed end capping proteins, and the elastiganssen, K. P, L. Eichinger, P. A. Janmey, A. A. Noegel, M. Schliwa, W.

moduli undergo |arge increases when cross-linking agents Witke, and M. Schleicher. 1996. Viscoelastic properties of F-actin
solutions in the presence of normal and mutated actin-binding proteins.

ligate short actin filaments ("Jan.mey etal, 1990a; Magiver et Arch. Biochem. Biophy25:183-189.
al., 1991)' Therefore, deSplte its rich SUthe_tles' which de?]en, C. J., L. V. Mcintire, and J. Bryan. 1982. The viscoelastic properties
serve further research, the problem of actin rheology be- of actin solutionsArch. Biochem. Biophy£16:126-132.
comes more tractable as the factors that control the structus@s, J., H. Strey, J. X. Tang, D. Finger, R. Ezzell, E. Sackmann, and P. A.
of actin networks become better defined. Janmey. 1996a. Molecular motions of single actin filaments in dilute,
semidilute and liquid crystalline solutionBiophys. J.70:A14.

Kas, J., H. Strey, J. X. Tang, D. Finger, R. Ezzell, E. Sackmann, and P. A.
This research was supported by National Institutes of Health research Janmey. 1996b. F-actin, a model polymer for semiflexible chains in
grants GM-26338 (to T.D. Pollard) and AR-38910 (to P.A. Janmey). J. Xu dilute, semidilute, and liquid crystalline solutionBiophys. J.70:
was supported by the Thomas C. Jenkins Fellowship. 609-625.

Kroy, K., and Frey, E. 1996. Force-extension relation and plateau modulus
for wormlike chainsPhys. Rev. Let{77:306—-309.

REFERENCES Maciver, S. K., D. H. Wachsstock, W. H. Schwarz, and T. D. Pollard.

Adelstein, R. S., J. E. Godfrey, and W. W. Kielley. 1963. G-actin: prep- 1991. The actin filament severing protein actophorin promotes the

A o - formation of rigid bundles of actin filaments crosslinked with alpha-
aration by gel filtration and evidence for a double stranded structure. actinin. J. Cell Biol. 115:1621—1628.

Biochem. Biophys. Res. Commu2:34-38.
Allen, P. G., C. Shuster, J. 'KaC. Chaponnier, P. A. Janmey, and I. MacKintosh, F.,_and P. A. Janmey. 1997. Actin gelsirr. Opin. Solid
Herman. 1996. Phalloidin binding and rheological differences among State Mat. Sci2:350-357.
different actin isoformsBiochemistry 35:14062-14069. MacKintosh, F., J. Ks, and P. Janmey. 1995. Elasticity of semiflexible
Casella, J. F., C. E. Barron, and M. A. Torres. 1995. Quantitation of Cap biopolymer networksPhys. Rev. Let{r5:4425-4428.

Z in conventional actin preparations and methods for further p“riﬁcaﬁonMacLean-FIetcher S.D., and T. D. Pollard. 1980. Viscometric analysis of
of actin. Cell Motil. Cytoskel.30:164-170. the gelation ofAcanthamoebaxtracts and purification of two gelation
Drewes, G., and H. Faulstich. 1991. A reversible conformational transition factors.J. Cell Biol. 85:414—428.

in muscle actin is caused by nucleotide exchange and uncovers cystei ) ) )
in position 10.J. Biol. Chem 266:5508—5513. rﬁaggs, A. 1997. Two plateau moduli for actin geRhys. Rev. A55:

7 —7400.
Eichinger, L., A. A. Noegel, and M. Schleicher. 1991. Domain structure in 396-7400 ) )
actin-binding proteins: expression and functional characterization ofMaruyama, K., M. Kaibara, and E. Fukada. 1974. Rheology of F-actin.

truncated severinl. Cell Biol. 112:665—676. Biochim. Biophys. Acte871:20-29.

Estes, J. E., L. A. Selden, H. J. Kinosian, and L. C. Gershman. 1992Muller, O., H. Gaub, M. Baermann, and E. Sackmann. 1991. Viscoelastic
Tightly-bound divalent cation of actinl. Muscle Res. Cell Motil13: moduli of sterically and chemically cross-linked actin networks in the
272-284. dilute to semidilute regime: measurements by an oscillating disk rheo-

Evans, E., A. Leung, and D. Zhelev. 1993. Synchrony of cell spreading and meter.Macromolecules24:3111-3120.
contraction force as phagocytes engulf large pathog&n€ell Biol. Newman, J., K. S. Zaner, K. L. Schick, L. C. Gershman, L. A. Selden, H. J.

122:1295-1300. ] ] ~ Kinosian, J. L. Travis, and J. E. Estes. 1993. Nucleotide exchange and
Furukawa, R., R. Kundra, and M. Fechheimer. 1993. Formation of liquid rheometric studies with F-actin prepared from ATP-or ADP-monomeric

crystals from actin filamentsBiochemistry.32:12346—-12352. actin. Biophys. J.64:1559-1566.
Gershman, L. C., L. A Se_lden, H. ‘] K@nosian,_ and J'. E. Estes. 19940Iiver, T., J. Lee, and K. Jacobson. 1994. Forces exerted by locomoting

Actin-bound nucleotide/divalent cation interactiohs.Actin: Biophys- cells. Semin. Cell Biol5:139—147

ics, Biochemistry, and Cell Biology. J. E. Estes and P. J. Higgins, ' ’ - N )

editors. Plenum Press, New York. 35—-49. Oosawa, F. 1993. Physical chemistry of actin: past, present and future.
Hvidt, S., and K. Heller. 1990. Viscoelastic properties of biological net- BioPhys. Chem47:101-111.

works and gelsln Physical Networks: Polymers and Gels. W. Burchard, Oppermann, W., and B. Jaberg. 1985. Rheological properties of liver actin

and S. Ross-Murphy, editors. Elsevier, London. 195-208. solutions.Rheol. Acta24:525-529.
Hvidt, S., and P. A. Janmey. 1990. Elasticity and flow properties of actinpyigya, A., and E. H. Egelman. 1993. A conformational change in the actin
gels.Makromol. Chemie. Macromol. Sym9:209-213. subunit can change the flexibility of the actin filamedt. Mol. Biol.

Isambert, H., and A. Maggs. 1996. Dynamics and rheology of actin 232:334-341.

soIutlons.MacromgIecuIesZQ:1036—1040. Orlova, A., E. Prochniewicz, and E. H. Egelman. 1995. Structural dynam-
Isambert, H., P. Venier, A. C. Maggs, A. Fattoum, R. Kassab, D. Pantaloni, jcs of F-actin. Il. Cooperativity in structural transition. Mol. Biol.

and M. F. Carlier. 1995. Flexibility of actin filaments derived from 245:598—607.

thermal fluctuations: effect of bound nucleotide, phalloidin, and muscle o

regulatory proteinsJ. Biol. Chem270:11437—11444. Pollard, T. D. 1983. Measurement of rate constants for actin filament
Janmey, P. A., U. Euteneuer, P. Traub, and M. Schliwa. 1991. Viscoelastic €/ongation in solutionAnal. Biochem134:406-412.

properties of vimentin compared with other filamentous biopolymer Pollard, T. D., and J. Cooper. 1986. Actin and actin-binding proteins. A

networks.J. Cell Biol. 113:155-160. critical evaluation of mechanisms and functioAsinu. Rev. Biochem.
Janmey, P. A., S. Hvidt, J. KaD. Lerche, A. Maggs, E. Sackmann, M. ~ 55:987-1035.

Schliwa, and T. P. Stossel. 1994. The mechanical properties of actipg|jard, T. D., I. Goldberg, and W. H. Schwarz. 1992. Nucleotide ex-

gels.J. Biol. Chem269:32503-32513. change, structure and mechanical properties of filaments assembled from
Janmey, P. A., S. Hvidt, J. Lamb, and T. P. Stossel. 1990a. Resemblance ATP-actin and ADP-actin]. Biol. Chem267:20339-20345.

of actin-binding protein/actin gels to covalently crosslinked networks. Pollard, T. D., and A. G. Weeds. 1984. The rate constant for ATP

Nature. 345:89-92. ) hydrolysis by polymerized actirFEBS Lett.170:94-98.
Janmey, P. A., S. Hvidt, G. F. Oster, J. Lamb, T. P. Stossel, and J. H. .
Hartwig. 1990b. Effect of ATP on actin filament stiffnessature. Ruddies, R., W. H. Goldmann, G. Isenberg, and E. Sackmann. 1993. The

347:95-99. viscoelasticity of entangled actin networks: the influence of defects and

Janmey, P. A., S. Hvidt, J. Peetermans, J. Lamb, J. D. Ferry, and T. P. modulation by talin and vinculinEur. Biophys. J22:309-321.
Stossel. 1988. Viscoelasticity of F-actin and F-actin/gelsolin complexesSatcher, R., and C. Dewey. 1997. Theoretical estimates of mechanical
Biochemistry27:8218—-8227. properties of the endothelial cell cytoskelet@iophys. J.71:109-118.



2740 Biophysical Journal Volume 74 May 1998

Sato, M., G. Leimbach, W. H. Schwarz, and T. D. Pollard. 1985. Mechan-Tempel, M., G. Isenberg., and E. Sackmann. 1996. Temperature-induced
ical properties of actind. Biol. Chem260:8585—-8592. sol-gel transition and microgel formation in alpha-actinin cross-linked
Scharf, R. E., and J. Newman. 1995. Mg- and Ca-actin filaments appear actin networks: a rheological studihys. Rev. E54:1802-1810.
virtually identical in steady-state as determined by dynamic light scat-Wachsstock, D. H., W. H. Schwarz, and T. D. Pollard. 1993. Affinity of
tering. Biochim. Biophys. Actal253:129-132. a-actinin for actin determines the structure and mechanical properties of
Siegel, L. M., and K. J. Monty. 1966. Determination of molecular weights ~ actin filament gelsBiophys. J.65:205-214.
and fractional ratios of proteins in impure systems by use of gel filtration Wachsstock, D. H., W. H. Schwarz, and T. D. Pollard. 1994. Cross-linker
and density gradient centrifugation: application to crude preparations of dynamics determine the mechanical properties of actin géghys. J.

sulfite and hydroxylamine reductas8iochim. Biophys. Actall2: 66:801—8009.
346-362. Zaner, K. S. 1986. The effect of the 540-kilodalton actin cross-linking
Spudich, J. A., and S. Watt. 1971. The regulation of rabbit skeletal muscle protein, actin-binding protein, on the mechanical properties of F-actin.
contraction.J. Biol. Chem246:4866—4871. J. Biol. Chem261:7615-7620.
Steinmetz, M., K. Goldie, and U. Aebi. 1997. A correlative analysis of Zaner, K. S., and J. H. Hartwig. 1988. The effect of filament shortening on
actin filament assembly, structure and dynamidsCell Biol. 138: the mechanical properties of gel-filtered actih. Biol. Chem.263:
559-574. 4532-4536.

Straub, F. B. 1943. Actin. lIStudies Inst. Med. Chem. Univ. Szede#3-37. Zaner, K. S., and T. P. Stossel. 1982. Some perspectives on the viscosity
Suzuki, A., T. Maeda, and T. Ito. 1991. Formation of liquid crystalline ~ Of actin filaments.J. Cell Biol. 93:987-991.
phase of actin filament solutions and its dependence on filament lengtZaner, K. S., and T. P. Stossel. 1983. Physical basis of the rheologic

as studied by optical birefringencBiophys. J59:25-30. properties of F-actinJ. Biol. Chem258:11004-11009.
Tang, J., and P. Janmey. 1996. The polyelectrolyte nature of F-actin andiemann, F., J. R#ler, and E. Sackmann. 1994. Local measurements of
the mechanism of actin bundle formatiod. Biol. Chem.271: viscoelastic moduli of entangled actin networks using an oscillating

8556-8563. magnetic bead micro-rheomet&iophys. J.66:2210-2216.



