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Abstract. Rheological measurements of the frequency- 
dependent complex elastic module G,(co) of entangled 
F-actin solutions in the frequency range 10 - 5 -  1 Hz 
were carried out in three dynamic regimes: 1.) A terminal 
relaxation from gel-like to liquid-like behaviour mea- 
sured at frequencies co < %-1, 2.) a rubber-type plateau 
and 3.) a regime determined by chain conformational 
transitions at frequencies co > z i- 1. A major point of in- 
terest was to clarify whether rheological, high precision 
measurements can yield quantitative information about 
the influence of talin and vinculin on the structure, chain 
dynamics, elasticity and viscoelasticity of actin filaments 
with time. We show that in the regime reflecting internal 
chain dynamics (10 -2 to I s time domain), F-actin be- 
haves as a random coil of the Rouse type. This contrasts 
with dynamic light scattering and correlation spectro- 
scopic studies of actin filament flickering, which indicate 
that filaments behave as semiflexible rods. The internal 
chain dynamics, which are determined by thermically ex- 
cited bending undulations, exhibit a persistence length of 
0.3-1 ~tm. Evidence is provided that this discrepancy is 
due to a cross-over of semiflexible rod behaviour at exci- 
tation wavelengths (A) below approximately 1 gm to ran- 
dom-coil behaviour at A >> 1 gm (expected at a frequency 
co ~ 1 Hz). The random coil behaviour is largely deter- 
mined by defects in actin filaments leading to sharp bends 
of the chain which act as semiflexible hinges. Talin pro- 
duces drastic effects on the time course of viscoelasticity 
during actin polymerization. It promotes the rapid for- 
mation of short filament fragments (~  1 ~tm, within time 
scales of rain) which anneal slowly into long filaments 
(within several hours), most probably by fusion. The vis- 
coelasticity depends on the coexistence of short and very 
long filaments indicated by the elongation of the rubber 
plateau. The most dramatic effect is a reduction of the 
ratio of the terminal ('Cd) to the Rouse relaxation time of 
zi by more than one order of magnitude (za/z ~ -- 100 com- 
pared to ratio Zd/Z ~ = 2000 for pure actin). From this it is 
concluded that talin causes a remarkable decrease in the 
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effective segment length of the macromolecule and, thus 
induces an increase in chain stiffness. Vinculin on the 
other hand shows no such effect. 

Key words: Rheology Semiflexible biopolymers Cy- 
toskeletal viscoelasticity Actin-talin-vinculin interac- 
tion Binding defects 

Introduction 

Actin network formation is of great interest because of its 
vital role for cell architecture. Further, actin networks 
gained importance as models of macromolecular solu- 
tions and gels of semiflexible and polyelectrolytic fila- 
ments (Korn et al. 1987; Sato et al. 1987; Schmidt et al. 
1989; Janmey et al. 1990; Miiller et al. 1991). 

Networks with mesh sizes of the order of micrometers 
allow the application of optical techniques (Schmidt et al. 
1989) in order to study the fundamental sructural and 
dynamic properties by applying scaling laws of entangled 
macromolecular solutions and gels (Schmidt et al. 1989; 
Mfiller et al. 1991; Kaufmann et al. 1991; Piekenbrock 
and Sackmann 1992). In addition, a variety of actin bind- 
ing proteins are available by which the structure of the 
networks (e.g. length of the filaments, degree of entangle- 
ment or degree of cross-linking) may be manipulated in a 
controllable and reversible manner (Wegner 1982; Pol- 
lard and Cooper 1986). By applying quasielastic light 
scattering (QELS) studies of the internal dynamics of act- 
in filaments, we found a broken power law for the relation 
between the decay constant, F(Q, t) of the conformational 
excitations of the chain and the excitation wavevector 
Q = 2rc/A of the form F(Q, t) oct Q2.75 (Piekenbrock and 
Sackmann 1992). Recently, it was shown by Farge and 
Maggs (1993) that this power law is expected if the inter- 
nal chain dynamics are determined by bending undula- 
tions. For so-called Rouse chains composed of chains of 
beads interconnected by entropy springs, a remarkably 
different power law F(Q, t) oct Q3 was expected, provided 
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a strong hydrodynamic interaction exists between the 
beads. Further, it was shown by direct correlation spec- 
troscopic analysis of the chain excitations visualized by 
fluorescence microscopy that the mean square ampli- 
tudes scale with the reverse of the fourth power of the 
undulation wavevector Q: (U~2) oc k s T/B Q4 (B, being the 
bending elasticity modulus) as expected for bending un- 
dulations. A persistence length of the order of Lp ~ 1 gm 
was obtained. However, it was also found that the bend- 
ing model holds only for wavelengths < 1 gm, whereas at 
longer wavelengths the chains appear much stiffer. 

The bending model contrasts with results of our previ- 
ous rheological studies of dilute and semidilute F-actin 
solutions (Mfiller et al. 1991). We found that in the fre- 
quency regime where the viscoelasticity is determined by 
the internal chain dynamics, the actin filaments behave 
like Rouse chains. Support for this conclusion was given 
by the finding that actin solutions exhibit scaling laws 
typical for synthetic macromolecular solutions. 

In this paper we present evidence that the discrepancy 
between the rheological and optical studies can be ex- 
plained in terms of a high density of chain defects within 
the actin filaments, which anneal very slowly (-,~ 20 h). 
The elastic response and mechanical relaxation probed 
by rheological measurements at low frequency (10 . 5 -  
1 Hz) are determined by the dynamics of the defects whilst 
these are dominated by the overdamped bending undula- 
tions in the frequency regime (,,~ 103 Hz) probed by 
QELS. 

We further show that once the physical basis of the 
viscoelastic processes are known, rheological measure- 
ments may be used to evaluate suitable effects of actin 
binding proteins (here: talin and vinculin) on the struc- 
ture and dynamics of actin networks in a quantitative 
way. Continuous measurements at fixed frequencies al- 
low the study of elasticity behaviour of developing actin 
networks with high sensitivity in the presence and ab- 
sence of these two proteins. 

Talin promotes the rapid nucleation and formation of 
short (~1 gm) actin filaments (Kaufmann etal. 1991, 
1992; Goldmann et al. 1992) which slowly anneal into 
long filaments. It is shown that the frequency dependence 
of the storage and loss modulus of pure F-actin and F- 
actin-talin solutions can be reproduced by superimposi- 
tion of reptation and Rouse type relaxation processes. 
The effective segment length of the Rouse-like chain is 
decreased by a factor of approximately 4 -  5 when actin is 
polymerized in the presence of talin. Talin has also a 
remarkable stiffening effect on actin filaments. 

Vinculin, however, when complexed with actin ex- 
hibits similar features to pure actin (Goldmann et al. 
1992). 

Materials and methods 

Reagents 

2mM Tris-HC1, pH 7.5; 0.2raM CaC12, 0.2ram ATP, 
0.5 mM DTT (=G-buffer); actin was polymerized in: 
10 mM imidazole, 1 mM EGTA, 1 mg ATP and 2 mg 
MgC1/; pH 7.5 (= F-buffer). 

Proteins 

Actin was prepared according to Spudich and Watt (1971) 
from acetone powder obtained from rabbit back muscle, 
followed by a gel filtration step as described by MacLean- 
Fletcher and Pollard (1980). Fractionated G-actin be- 
yond the elution peak (at ~ 1 mg/ml) was stored in G- 
buffer at 4 °C. 

Platelet talin and vinculin were isolated from outdated 
human thrombozytes by the Collier and Wang (1982) 
method. Talin was further purified by passing it through 
a gel filtration column (Kaufmann et al. 1991). After the 
first ionic exchange column according to this protocol, 
vinculin was purified by an additional hydroxylapatite 
column and eluted by a linear gradient from 0.02 M to 
0.4 M KH2PO 4. 

Proteins were purified to homogeneity as judged by 
SDS mini slab gels (cf. Goldmann et al. 1992). Protein 
concentrations were determined according to Bradford 
(1976). 

Rotation disk rheometer 

The apparatus has been described in detail by Mfiller 
et al. (1991). Basically, it consists of a cylindrical glass 
cuvette with an inner radius of r i = 7 mm and a volume of 
-,~ 1.5 ml. The base of the cuvette is mounted in an alu- 
minium thermostated holder, which is in thermal contact 
with the solution. Temperature control is achieved by 
Peltier elements situated in the holder. A glass disc of 
r = 6 mm is placed on the surface of the viscoelastic solu- 
tion. On top of the disc a magnet with dimensions of 
1 x l . 2 m m  / and a 2 x 2 m m  2 deflection mirror are 
mounted; the plane of the latter forming an angle of 45 ° 
with the horizontal line. The glass cuvette is surrounded 
by two perpendicularly oriented magnetic coils. One of 
these serves to fix the orientation of the disc and the other 
(the deflection coils) to apply an oscillatory shear force to 
the viscoelastic liquid. The voltage of the deflection coils 
is computer controlled. The "in-phase" and "out-of- 
phase" component of the rotational amplitude, • (t) of the 
disc are analysed as follows: The beam of a He-Ne-laser 
incident in a vertical direction along the rotational axis of 
the disc is horizontally deflected by the mirror mounted 
on the disc. Its horizontal orientation is recorded by a 
gradient photodiode. The amplified response of the diode 
is evaluated by computer. 

The actin solution in the measuring cuvette is covered 
by a phospholipid monolayer (dimyristoylphosphatidyl- 
choline) which is essential to avoid the gelation of actin 
owing to its denaturing at the air/water interface (Mfiller 
et al. 1991). Moreover, it ensures good mechanical con- 
tact to the glass disc which is covered by a monolayer of 
octadecyltrichlorosilane. 

Data evaluation 

The theoretical basis of the rheometer and the details of 
the data analysis have been discussed previously (Mfiller 
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et al. 1991). As a reminder and in order to introduce the a 
definitions required in the following the basic principles 
of the rotating disc rheometer are briefly summarized: 

The viscoelasticity of the actin solution is determined 
by the complex shear modulus o_ 

. ~ - I  
G* (co) = G' (co) + i G" (co) (1) 

where, G' (co) is the frequency-dependent storage modulus o 
and G"(co) the loss modulus. The latter is related to 
the dynamic viscosity of the fluid according to ~/'(co)= 
G" (co)/co. For  high viscosities and low shear rates (dct/dt), 
the shear field within the viscoelastic layer decays expo- -2 
nentially. If the radius (R) of the cylindrical layer is large 
compared to its height (h) boundary effects at the circum- 
ference of the glass cylinder can be neglected. The maxi- 
mum frequency of measurement co: D,~ exp (i co t) which is b 
exerted by the driving coils, storage and loss moduli are 
obtained from the following equations: 0 

D o 
- -  cos q~ = - coz 0 + m x + C G'(co) (2) ~" 
0~ ~ -1 

D,o sin ~o = C G" (co) (3) -~ 

- 2  

where :%, is the amplitude of the orientational deflection 
and ~0, is the phase shift between the excitation and the 
response. M~ is the torque exerted by the magnetic coils 
determining the resting orientation; 6) is the moment of 
inertia of the disc, and C is a geometry factor given by 
C = ~ R 4 / 2 h  (cf. also Ferry 1980). The above equations 
yield relative values of the viscoelastic constants. In order 
to obtain absolute values, the torque M~ must be mea- 
sured. This has only been determined by calibration with 
different glycerol-water mixtures (Mfiller et al. 1991). 
(Note: Owing to the Kramers-Kronig-relation the influ- 
ence of the instrument starts at the same frequency for 
both the real and imaginary value of G' and G"). 

The sensitivity of the rheometer is approximately 
1 mPa, corresponding to the lower limit of the actin con- 
centration of ~ 10 jag/ml. The maximum measuring fre- 
quency is about 5 Hz since at higher frequencies the vis- 
coelastic response is dominated by the instrument. Most 
measurements were performed down to 10-5 Hz. 

Results 

Pure entangled F-actin solutions 

Three dynamic regimes. Figure 1 shows the measurements 
of the storage modulus G' (co) and the loss modulus G" (co) 
of polymerized actin (=F-act in)  at Ca=3OOpg /ml  
(,-~ 7 pM). The measurement was performed over five fre- 
quency decades (log scale), and three regimes of well de- 
fined power laws are clearly observed: 

1) The terminal transition to the fluid (=  sol) state is 
characterized by a drop of G'(co) and the maximum of 
G" (co) yield (cf. Fig. 8; "Simulation" below), which is ob- 
served much more clearly than in our previous work 
(Mfiller et al. 1991). Although the decay to zero of G"(co) 

I;d'1 

i, 
13 

oo °°[~¢ 0.5 
[ ]  

- 4  - 3  - 2  -1 0 

Frequency [Hz] 

7 slope 0.5 
~d'l 

Z I 
non ° ~ slope 0.8 

-,  - 4  - 3  - 2  -1 0 1 

Frequency [Hz] 
Fig. 1. Frequency dependence (log scale) of a the storage modulus 
G'(co) and b the loss modulus G"(co) of an F-actin solution at 
monomer concentration c A = 300 pg/ml (approximately 7 pM). The 
data points at co > 1 Hz are modified by contributions of the instru- 
ment. The sample was polymerized at 20 °C for 4 h, heated to 36 °C 
for two hours and cooled down again to 20°C. The measurements, 
which were started after annealing at 20°C for approximately 6 h, 
lasted for approximately 2 h 

at co --+ 0 can not be observed directly, the terminal relax- 
ation time, % is obtained from the frequency at which the 
value of G'(co) has dropped to half of the value in the 
plateau regime: r an  4" 10 -5 s. 

2) The plateau regime of G' (co) extending from 10- 4 < 
60 ~ 1 0 - 2  H z  is  clearly developed although G' (co) exhibits 
a finite slope. It can be observed that the regime G"(co) 
exhibits an ascending branch where G" (co) scales with co 
as G"(co) oc 09 °'8. 

3) At co > ~71, G'(co) exhibits an ascending branch 
characterized by a G'-vs .  co power law of the form G'(co) 
occo°5; simultaneously, the slope of the log G"(co)-vs.-  
logco curve also changes from 0.8 to 0.54+0.02. In this 
regime the dynamic elasticity is determined by the inter- 
nal dynamics of the actin filaments, z i is the longest relax- 
ation time of the slowest mode of the whole spectrum of 
internal relaxation processes. The value of zi is a first 
approximation obtained from the frequency (a) of the 
onset of the ascending branch of G'(co) and (b) of the 
change in slope of G"(co) with z~ ~ 102 S. The finding of a 
well-defined power law G'(co), G" (co)oc co" over two fre- 
quency decades is essential for the interpretation of the 
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Fig. 2. Evaluation of "long time" annealing of an F-actin solution at 
a concentration of c A = 100 gg/ml measured at 25 °C. Data points 
( x ) show the measurement of the storage modulus G'(co) which was 
started 2 h after polymerization. Data points (n) show a second 
measurement, which was started after the completion of the first run. 
It corresponds to about 20 h after the start of polymerization. Note :  
G(O) = rubber plateau N 
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Fig. 4. Evolution of viscoelasticity during the nucleation and growth 
of actin filaments. The storage modulus ( - .  ~ and the loss modulus 
( - - )  were measured at co = 0.7 Hz. The phase shift, ~0 (0.7 Hz, t) (...) 
was calculated from the measured values of G' (0.7 Hz, t) and 
G" (0.7 Hz, t). The points are measured data and the lines are drawn 
to guide the eye. The actin concentration was CA= 300 gg/ml 
(~  7 gM) and the measuring temperature was 20°C. Measurements 
by static light scattering are also shown (Piekenbrock 1991). Note:  
[a. u.] = arbitrary units 

Fig. 3 a -e .  The visualization of defect structures, a EM pic- 
tures (negative staining) of actin filaments at a monomer 
concentration of c A= 100 gg/ml. 10 rain after start of poly- 
merization; h 120 min, thereafter. Note:  Chains of freshly 
polymerized filaments exhibit many more sharp bends (cf. 
arrows) than to those of the annealed sample. Bar: 500 nm. 
e Rhodamine-phalloidin-labeled F-actin filaments at 
At = 0.2 s intervals; bends due to defects marked by arrow. 
Bar: 5 gm. (Taken from K/is et al. (1993) with permission) 
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Fig. 5 a, b. Effect of talin and vinculin on the frequency dependence 
of viscoelastic parameters. The actin concentration was 300 lig/ml 
and the measuring temperature 25°C. a Storage modulus for pure 
F-actin (m); for F-actin and vinculin at molar ratio ray = 3 (©); for 
F-actin and talin at molar ratio rat = 7 ( x ); for F-actin in presence 
of vinculin and talin at r m = ray = 10 (+). For comparison we also 
show the 10 x G' (co) curves for solution of F-actin in the presence of 
severin (data points: the 10 fold value of the measured G'(co) are 
plotted in order to limit the ordinate), b Loss modulus for 300 gg/ml 
pure F-actin (n), for F-actin in presence of vinculin at molar ratio 
ray = 3 (o); for F-actin and talin at rat = 7 ( x ); and for F-actin with 
talin and vinculin at ray = rAT = 10 (4-) 

mechanical  relaxation processes in terms of a molecular  
model.  

Annealing o f  transient actin networks 

Previously, it was reported by P iekenbrock  and Sack- 
mann  (1992) that  freshly polymerized F-act in exhibits a 
considerable number  of  sharp bends which where attrib- 
uted to packing faults ( = defects) within one s trand of the 
double  helix and that  these defects appear  after a few 
hours. To test this hypothesis  the viscoelastic modul i  ver- 
sus frequency curves where taken repeatedly. Figure 2 
shows the result for a solution o fc  A = 100 gg/ml .  The first 
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Fig. 6 a, b. Comparison of time evolutions of viscoelasticity of F-act- 
in solution (of concentration c A = 300 gg/ml) in the absence (data 
points m) and the presence of talin at an actin: talin molar ratio of 
rAT = 7 (data points x ) at 20°C 

measurement  was started approximate ly  4 h after poly- 
merizat ion and lasted for approximate ly  12 h; the second 
measurement  (log G' (co) v s - l o g  co) was performed there- 
after. Since the measurements  are always started at the 
low frequency end, the plateau regime of the first run 
corresponds to the si tuation of  about  6 h of  annealing. 
Figure 2 shows that  the plateau regime of  freshly poly-  
merized actin is much  less p ronounced  than after 24 h of  
annealing. The terminal relaxation regime of  the fresh 
F-act in solution stretches out, a l though the terminal re- 
laxation time % (defined as the reciprocal frequency for 
which G'(o)) is half the plateau value of  G °) does not  
change appreciably. As shown below, the e longat ion of  
the plateau is a consequence of  the presence of  m a n y  short  
chains or  dangling ends. 

Visualization o f  defect structures 

The defect structure of  the chains can directly be visual- 
ized by (negative staining) electron microscopy  (Fig. 3 a) 
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and by fluorescence microscopy of fluorescently labelled 
actin (Fig. 3 b). Both microscopy techniques show that the 
F-actin filaments have a considerably number of sharp 
bends which are attributed to packing defects in the 
chains. These could be caused by insertion of additional 
monomers in one of the two strands. 

Figure 3 (a~ and a2) shows negative staining micro- 
graphs of 150 gg/ml actin solution taken about 20 min 
after starting polymerization and after annealing for 2 h, 
respectively. The electron micrographs show clearly that 
the defect density is much higher (roughly 3 defects per 
10 gm) for freshly polymerized actin than after annealing. 
Moreover, there is a clear difference between the lateral 
distribution of the filaments before and after annealing. 
The filaments are much less homogeneously distributed 
in the former case and appear to exhibit some microphase 
segregation. 

There is always the danger of structural alterations 
during the rapid drying of the samples. This should affect 
the two solutions of different age in the same way. Thus, 
we can conclude that the degree of entanglement of a 
freshly prepared actin network is less extensive than in the 
annealed form. 

! b 

< L >  
Fig. 7. Kramers "random walk" model of freely jointed bead-rod 
chains, b 0 is the Kuhn length. Note: The rods between joints can be 
assumed as semiflexible and exhibiting thermally driven bending 
undulations 

7he evaluation o f  the polymerization process 

Time-dependent measurements of the viscoelastic pa- 
rameters allow one to follow the actin polymerization in 
a quantitative way. This is first shown in Fig. 4 for pure 
actin on a log scale. The storage and loss moduli are 
measured continuously at a frequency of 0.7 Hz (e.g. with- 
in the regime determined by the internal chain dynamics). 
There is a remarkable difference in the behaviour of G' 
(0.7 Hz) and G" (0.7 Hz). While the former exhibits a long 
incubation period (from 0 to 400 s) with a G' value char- 
acteristic for pure water, G" already starts to increase 
200 s after addition of F-buffer. This difference is more 
clearly revealed by the phase shift: 

G' 
~0 = arc tg ~ ; .  (4 a) 

The saturation point is reached at the same time (t~m = 
8 '  103 s), both for G' and G". The difference between 
G' (co) and G" (co) is expected and yields useful information 
for the following reason: G" is a measure of the intrinsic 
dynamic viscosity, t/(co) of the macromolecular solution 
according to: 

t 1 = G' /co.  (4b) 

As is well-known, it is proportional to a power (~) of the 
molecular weight of the polymer (t/ocM ~) where e varies 
between 0.5 and 1 depending on the type of model (cf. Doi 
and Edwards 1986). In principle, the average length of the 
filament could be estimated as a function of time though 
for more quantitative analysis the length distribution 
would have to be known. 

G'(co) only exhibits a substantial value if the chains 
overlap, and the onset of the increase of G' defines the 
time at which the average chain length becomes about 
equal to the mesh size, ~. In Fig. 4, with c a = 300 gg/ml, 
the mesh size ~ equals 0.6 gm at t = 5 • 102 s. The average 
chain length is ~ 1 gm. (Note: G' (co) and G" (o~) were pre- 
viously measured for both increasing and decreasing fre- 
quencies and showed no significant differences (cf. M/iller 
et al. 1991).) 

& 
~0.1 

b 
go 

0.01 

0.001 
10~ 

GUll G 'R 

slope 0.5 " ~ Y _ / % ' ~  ~ - ' j  I fG"~ 

,. ~ - 0 ~  - ~ -  ~ . 

/ ~  + ° ~  _,.S:f °'++ 

o.., 'o \ 
~ O~o'- o °'~ slope 0.8 

O... O _  ~, 

+ , , + , , i l  , , , , , , , , +  L t i + , , i , i  I I [ ~ [ l l l I  r I I I + I  I '  

10-4 10-3 l 0  2 10 ' 
Frequency [Hz] 

Fig. 8. Comparison of experimental and calculated 
frequency dependencies of storage modulus G'(o~) 
(experimental data points D--D) and loss modulus 
G"(o)) (data points o o) of entangled solutions of act- 
in (c A = 300 pg/ml). Curves drawn ( - - )  are calculated 
by superimposing reptation and Rouse modes. 
Dashed curves (----) are calculated by superimposing 
reptation and bending modes. The best fit was ob- 
tained in both cases for a ratio of the terminal to the 
internal relaxation time of, za/vi ~ 2000 and for the 
amplitude ratio of, A ~10. Since Zd ~ 3 ' 104 S, one 
obtains z i ~ 15 s ((% ~ 0.07 Hz). 



The effect of talin and vinculin on actin solutions 

Figures 5 and 6 show the modulation of the frequency- 
dependent viscoelastic moduli and the growth kinetics by 
talin and/or  vinculin. In Fig. 5 a,b, the viscoelastic re- 
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0.3 l / / A C T I N +  TALIN 

\ ,  0.2 • 
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L e n g t h  Btm] 

Fig. 9. Distribution of actin filament length of phalloidin labelled 
F-actin in the absence and presence of talin, at actin:talin molar 
ratio rAT = 4. Data were replotted from Kaufmann et aL 0992). The 
actin concentration was about c A = 200 ~tg/ml. The contour length 
of the filaments was measured by image processing of fluorescence 
micrographs 
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sponse G'(~o) and G"(og) are for c A = 300 ~tg/ml solution 
of pure actin polymerized in the presence of vinculin (at a 
molar ratio ray = 7), talin (rAT = 7) and both vinculin and 
talin (rAT = rAV = 10). 

For comparison variation of the storage modulus, 
G'(co) caused by severing the actin chains is also shown 
for a solution of CA= 300 ~tg/ml and CA= 700 gg/ml. 
Note: These curves are shifted in the direction of the 
ordinate by one decade in each case. The most remark- 
able results of Fig. 5 a, b are: 

• (A) Vinculin does not affect G'(o9) to a significant ex- 
tent. 

• (B) Talin (at rAT = 7) has a strong effect at all frequen- 
cies. It does not suppress the plateau value of G' (co) (as 
does severin) but causes only an elongation. However, 
the onset of the internal dynamics regime is shifted to 
higher frequencies by roughly two frequency decades 
as is most clearly revealed by the shift of the frequency 
regime G"(c~) and the slope of 0.8. 

• (C) In contrast to talin, severin does not significantly 
affect the frequency position of the internal dynamics 
regime and therefore, z i. It does, however, suppress the 
plateau regime completely. 

• (D) The change of both G' (co) and G" (co) produced by 
talin is not modified noticeably when vinculin is also 
present. 

'-2, 

b 

$ 10.1 

o5>/  

Actin " - ~ / 0 / $ 3 0 / ' 0  ~ ./g3 ~/~ 
o /  H /  

n / 0 /  \ 
O / ' "  0" Aetin : Talin 

0 / -  r.,,...Ey E]~ 7 : 1 

~ o,, o . .~ - -~ '~  

i i I i , 1 ,  I I I I , , , , , r  , ' I I l t l l l  i , , , 1 , , , [  

0.001 0.01 0.1 0 
Frequency [Hz] 

10-2 

! 

F© 
~ o  / 

ACTIN.~ O - /  

e . ~ / ©  ~ ACTIN : TALIN 
~ 0 - - 0 - - O ~ . - w ~  .~m ~-~4~'>'- 7 : l 

10-3 10 -2 !0 -1 1 

Frequency [Hz] 

Fig. 10 a, b. Simulation of viscoelastic parame- 
ters of the system actin plus talin at an actin: 
talin molar ratio rAT = 7 (data of Fig. 5 a) by 
superimposing the reptation and Rouse pro- 
cesses only. Figure 10 a presents the case of 
the storage modulus G'(co) and Fig. 10 b for 
the loss modulus G'(co). For comparison, the 
case of a second measurement of pure actin is 
also shown. The two adaption parameters, 
Ta/r ~ and, A were the same for G'ffo) shown in 
a and for G'(co) shown in b Zd/ri=100 and 
A = 10. Note.  Frequency [Hz], G'(co) and 
G" (co) are on log scale 
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Modification of growth kinetics 

Most remarkable is the effect of talin on the polymeriza- 
tion kinetics of actin shown in Fig. 6; an effect which has 
also been observed by Goldmann et al. (1992). In contrast 
to pure actin, G'(co) and G"(co) exhibit a finite value 
(about half the maximum value) immediately after start- 
ing polymerization. However, the subsequent increase of 
the viscoelastic moduli is much slower than for pure act- 
in; in fact the increase lasts for many hours. Previous 
observations strongly suggest that short actin filaments 
are formed during the time (~  5-10 s) required to start 
the measurement (Kaufmann et al. 1991). The latter sug- 
gests that these short fragments eventually fuse to form 
long chains. 

D i s c u s s i o n  

Model of viscoelasticity of pure F-actin 

Consider first the reptation process based on a concept 
by de Gennes (1971): This model describes the motion of 
a single polymer filament in an entangled polymer solu- 
tion as a snail-like migration of the single filament in a 
"tube" formed by the network of the other filaments. The 
motion is driven by the local excitations of the chain 
migrating. The tube is called the "primitive" tube and has 
the topology of the conformation of the chain considered. 

The complex elastic constant is of the form (Doi and 
Edwards 1986): 

(co d  (co A 
(co) = 1 + (co (5) 

where, % is the terminal relaxation time and, p is the 
number of the mode. In an entangled network with the 
end-to-end distance of the chain, ( L )  (being large com- 
pared to the mesh size), the amplitude, G~ ) is given by the 
classical expression for the rubber elastic modulus: 

The measurement of both the viscoelastic moduli over 
five frequency decades and the three relaxation regimes - 
typical for semidilute high molecular weight polymer so- 
lutions - were more accurately determined than previous- 
ly. It was verified that the frequency dependence of G' (co) 
and G"(co) in the regime determined by internal chain 
dynamics (at co _> l/zi ~ 0.5 Hz) obeys the power law 
G'(co) ~ G"(co) oc coo.s/±o.o2 which is characteristic for 
Rouse-like chains. Previously various power laws were 
established relating: a) the relaxation times, % and z~ to 
the chain length, L; b) the height, G ° of the rubber plateau 
to the monomer concentration (Miiller et al. 1991) or e) 
the mesh size, ~ to the monomer concentration (Schmidt 
et al. 1989). These data provided evidence that - if slow 
dynamic processes of time scales larger ~ 1 s are observed 
- F-actin solutions behave very similarly to entangled 
networks of highly flexible polymers (Graessley 1974). 
Further, the recent theory of bending excitations of semi- 
flexible filaments by Farge and Maggs (1993) and previ- 
ous dynamic light scattering studies of the internal chain 
dynamics of F-actin by Schmitt et al. (1989) provided very 
strong evidence that in the time domain of 10-5s _< t 
_~ 10-1 s, the chain dynamics are determined by bending 
excitations. Evidence for this interpretation was provided 
in a recent direct analysis of single filament excitations 
visualized by fluorescence microscopy. In a flicker spec- 
troscopic study we found that - in the micrometer wave- 
length regime - the chain dynamics are determined by 
bending excitations. A bending stiffness of B =4.0 
• 1 0 - 2 7 j - m  was reported, corresponding to a persis- 
tence length of Lp = B/k s T ~ 0.5 gm (Schmidt et al. 
1989). In the following paragraphs, we provide evidence 
that this apparent discrepancy between rheological stud- 
ies and QELS can be understood in terms of a cross-over 
between semiflexible and highly flexible (Rouse-like) be- 
haviour. 

The finding of two relaxation processes separating a 
plateau (~- x < co < ~- x) regime and an ascending branch 
of G' and G" can be best described in terms of a superim- 
posed reptatien process (Doi and Edwards 1986) and 
chain conformational excitations. 

G~O) _ c A k s T _ 0 R T (6) 
Ne Me 

where, N e is the average number of monomers between 
two points of entanglement and, M e the corresponding 
molecular weight, 0 is the mass density of the polymer. 
This law has been verified for actin networks (Mfiller et al. 
1991). 

The terminal relaxation time is determined by the time 
required for the "primitive" tube to diffuse over a distance 
equal to its average length. Even for semiflexible fila- 
ments, the "primitive" tube is expected to exhibit charac- 
teristic features of a random Gaussian coil, for which Doi 
and Edwards (1986) derived the following expression: 

% - n 2 k B r oc ~ (7) 

Consider now the dynamics of chain conformations: The 
internal chain dynamics have to be described in terms of 
two contributions to the elastic 
et al. 1991): 

I 2ds + Fo,= 7B 7K 

potential, Eel (Lagowski 

where, R (s) denotes the position of the contour length in 
space. It is related to the local tangent, t(s), by t(s)= 
~R (s)/Os. The first term accounts for bending excitations 
and B is the bending elastic modulus (units: J • m). The 
second term formally corresponds to an extensional de- 
formation. It has been introduced in order to account for 
the quasi-random structure of the filaments. K, the elastic 
constant, is to be measured in units (J/m). The second 
contribution is completely analogous to the elastic poten- 
tial of a Rouse chain of beads interconnected by (mass- 
less) entropy springs of average length, b. In this case, the 
elastic constant would be of the form k = K/b = 3 kB T/b 2 
(cf. Doi and Edwards 1986). For classical random coils 
the Rouse term would generally be dominant. However, 
for dynamic neutron scattering studies (QENS) the bend- 
ing elasticity could well play a dominant role. This could 
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be one of the reasons why the q-dependence of the line 
width of the spin-echo spectrum (Richter et al. 1978) does 
not obey the q3-1aw very well, but appears to exhibit a 
smaller exponent (~  2.8) as predicted for semiflexible 
coils by Schmidt et al. (1989) and by Farge and Maggs 
(1993). 

The above energy expression introduces two length 
scales: The persistence length, Lp and the segment length, 
b: 

L p = B / k , T  and b = ½ k B T / K  (9) 

Our basic assumption is now that on a large scale the 
actin filaments behave as Rouse-like chains. Firstly, ran- 
dom chain behaviour is expected owing to the rather high 
density of defects (average distance ~ 5 gm) leading to 
sharp bends of the chain. Judging from direct observation 
of fluorescently labelled actin filaments (K/is et al. 1993) 
the dihedral angle of the bend can fluctuate. Therefore, 
F-actin is expected to exhibit typical properties of the 
Kramers model of freely jointed, straight segments (cf. 
Fig. 7). Secondly, it has been shown by Lagowski et al. 
(1978) that the large scale excitations of worm-like chains 
can be described by the Rouse model, which is equivalent 
to the Kramers model. 

In the Kramers model the flexibility is characterized in 
terms of the effective segment length: 

b2 = bo 2 1-4-<cos ~> (10) 
1 -- <cos 0> 

where, bo is the so called Kuhn length and, (cos ~) is the 
average angle between two adjacent bonds (cf. Fig. 7). 

If one accepts that - on a large scale - the dynamics of 
F-actin can be approximated by the "random walk" mod- 
el, the frequency dependence of the complex modulus can 
be calculated by the classical theory of solutions of flexi- 
ble coils. This is very clearly demonstrated by Doi and 
Edwards (1986) and in more general form by Birds et al. 
(1987). The basic steps of this theory are summarized in 
the Appendix, where we calculate the frequency depen- 
dence of G* (co) for the case of the bending elasticity mod- 
el. The calculation for the Rouse chain can be found in 
Doi and Edwards (1986). 

For simplification we neglect the hydrodynamic inter- 
action between the beads. This approximation is justified 
since we are only interested in the frequency dependence 
of G* (co). The difference in the exponent, ~ of the power 
law G* (@ cc q~ between situations with and without hy- 
drodynamic interaction are smaller than the accuracy of 
our data. 

The frequency dependence of the viscoelastic moduli 
G'(co) and G"(co) in the whole frequency regime is now 
determined by superimposing the reptation dynamics 
G* (co) and G* (co) according to: 

G* (co) = G~* (co) + ~ (co) (11) 

consideration of Eqs. (5) and (A. 15) shows that the stor- 
age modulus is given, for instance, by: 

8 1 (co Za/p2) 2 
G'(o.)) = G~O)p,Eodd rC 2 p2 1 + (co%/p2)2 

+ C A k B T Y '  (coZi, p) 2 
N p l+(cor , ,p)  2- (12) 

The loss modulus is obtained by taking the linear expres- 
sions in the nominator. The terminal relaxation time is 
given by Eq. (7) and the internal relaxation time, r i de- 
pends on the type of elastic contribution. 

• For Rouse modes of the order of, p (for definition of p 
see Eq. (A. 5)) z. B is (Doi and Edwards 1986): 

zR _ 6~w N2 b2 1 
t , p  7rK p2 (13) 

where K = 3 k 8 T /b  for ideal Rouse chains. 
• For pure bending modes the relaxation time, z. ~ has t , p  

been derived in the Appendix: 

zB _ 6qw N4b4 1 
i , p  41r3B p4 • (14) 

If both elastic contributions come into play one would 
have to replace, Z~,p by: 

1 1 1 
"ci,, "oR + "C B . (15) 

t , p  i,p 

For short wavelength excitations, the Rouse modes pre- 
vail while long wavelength deformations are determined 
by the bending modes. One expects a cross-over between 
the two extreme cases at z. R ~ z~ i.e. at a wavelength: z , p  l ,p~  

Ac = 2 N b / p c  = 2~zx /Bx /~  = 2rcx/-L p • L d . (16) 

The right side is obtained since L p = B / k B T  and 
K ,~ k n T / L  d. If the mechanical relaxation was deter- 
mined by the defects, L d would correspond to the average 
distance between defects. For very large wavelengths 
( q L p ~  1), where worm-like-chains behave as random 
coils, Ld would be an effective segment length (Lagowski 
et al. 1991). 

Based on flickering spectroscopy (K/is et al. 1993) and 
previous studies (M/iller et al. 1991) the persistence length 
is of the order of Lp~ 0.3-1 gm and the distance between 
the defects, L d ~ 5 gm; A c therefore has the same order 
(gin). Since A c is clearly much larger than the reciprocal 
wavevector in QELS experiments (q- 1 < 0.1 gm), the dy- 
namic structure factor is expected to be determined by 
bending excitations. 

The longest bending relaxation time at the cross-over 
wavelength of Ac ~ 27r- gm is of the order: 

zB _ 6r /~A¢ 20 s.  
t,~ 16n3Lp 

This is appreciably smaller than the longest internal re- 
laxation time of z~ ~100 s estimated from Fig. 1. It is, 
therefore, expected that the Rouse character becomes 
dominant in viscoelastic measurements. It would be es- 
sential to carry out the present type of rheological mea- 
surements at higher frequencies in order to evaluate the 
cross-over to the semiflexible regime. 

In Fig. 8 the experimental curves G' (co) and G" (co) for 
cA = 300 gg/ml are compared with calculated curves ob- 
tained by superimposing a) the reptation modes with 
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Rouse modes and b) the former with bending modes. It is 
clearly seen that in the frequency domain determined by 
the chain dynamics, the experimental curves can be much 
better fitted by the Rouse model than by the bending 
model. In particular the power law G'(og) and G"(og) 
oc co ~/2 is fulfilled over a much larger frequency regime in 
the former case. For the bending model the slope at large 
co is considerably smaller than that of the Rouse model, 
namely 0.35 instead of 0.5. For that reason it is not possi- 
ble to fit the experimental data in the internal dynamic 
region by the bending model. The best fit is observed for 
a ratio of the fundamental relaxation times za/z~ = 2000 
and of amplitudes of the Rouse mode to the reptation 
modes of A = 10. 

Modification by talin 

Consider the effect of talin on the viscoelastic modulus 
G* (co). As strongly suggested by previous QELS studies 
(Piekenbrock 1991; Kaufmann et al. 1991) and microfluo- 
rescence observations (Kaufmann et al. 1992) talin ap- 
pears to exhibit two effects a) it reduces the average length 
and b) it produces filament stiffness. The former effect is 
shown in Fig. 9. It is observed that in the presence of talin 
the filaments exhibit a rather sharp, roughly exponential 
distribution of lengths, P (L): 

P (L) oz e - L/~L°~ (•7) 

with ( L o ) ~  5-10 gin. In contrast, the length distribu- 
tion of pure F-actin is very wide and exhibits a maximum 
at (Lmax) ~ 12 ~tm and an average length of about 20 gm. 

Despite the reduction in average length by talin there 
is an important difference between the effect of talin and 
typical severing proteins (e.g. severin) on G*(og): 

• Severin completely abolishes the rubber-like plateau 
at actin: severin ratios of rAs = 300 at c A = 300 gg/ml 
and of rAs = 200 at CA = 700 ~tg/ml (cf. Fig. 5 a). In con- 
trast, the rubber plateau remains even at an actin-to- 
talin ratio of raT= 7. Only the terminal relaxation 
regime (where G(og)~ 0) is elongated. 

• In the case of severin the terminal relaxation time, za is 
shifted to shorter times whereas the internal relaxation 
time, z~ does not change significantly as shown previ- 
ously (Mfiller et al. 1991). In contrast, z~ is drastically 
reduced by talin. This is most clearly demonstrated by 
the G" (co) versus-o9 plot in Fig. 5 b which shows that 
the regime with a slope of dG"/dcn ~ 0.8 is shifted by 
about two decades to higher frequencies. 

The shift in, z~ and the elongation of the terminal relax- 
ation regime by talin is clearly demonstrated by the sim- 
ulation of G' (co) and G" (co) shown in Fig. 9. An optimal fit 
is again achieved by superimposing the reptation and 
Rouse modes and by assuming that the filaments exhibit 
an exponential length distribution. For the simulation, 
the length distribution shown in Fig. 9 was used. 

Therefore, the contribution of the reptation process is 
simulated, for instance, by: 

,~o~ (18) 
G~(co) = G° f 8 1 (ogzd(L)/PZ)2 P(L) dL 

L~.. ~ ~2 p2 1 + (co Zd (L)/p2) 2 
0 

with 

za (L) = z °" L 3 / (L3o). (19) 

In a similar way the Rouse and the bending excitation 
contributions were averaged over the length distribution. 

An optimal fit of both G' (09) and G" (09) was obtained 
for the same amplitude ratio as for pure F-actin (A = 10) 
but for a strongly reduced ratio of the relaxation times; 
namely "ca/z i ~ 100 instead of za/z i = 2000. 

What can we learn from the above analysis? Accord- 
ing to Eqs. (7) and (13), the terminal (z~ocNabS/~ 2) and 
the internal relaxation time (z~a o c N  2 b a) are both deter- 
mined by the effective filament length L = N • b (b, effec- 
tive segment length defined in Eq. (10)). Thus, the ratio of 
relaxation times is: 

z d b 2 
z T  ~: N" ~2  " (20) 

i, 1 

Since the mesh size, ~ is essentially constant for cA = const., 
the origin of the change of the relaxation times (and their 
ratio) caused by talin could be a) a change in the number 
of segments, N, b) a change in the effective segment length, 
b (defined in Eq. (10)) or c) a change in both parameters. 
Since the plateau regime is only stretched out by talin (in 
striking contrast to the effect of severin), the majority of 
the actin-talin filaments are long compared to the mesh 
size ( ~ 1 . 2  gm at cA= 300 gg/ml) and, therefore, a 
change of N is most probably not responsible for the large 
shift of Za/zR1. Thus, we have to conclude that binding of 
talin to F-actin increases the effective segment length, b. 

The onset of the internal dynamics regime (for instance 
of the regime with a slope of d logG"(o9)/dog=0.8 in 
Fig. 8) is determined by the largest relaxation time, that is 
the relaxation time for the longest chains. For the follow- 
ing reason this also suggests that the effective length, b is 
dramatically changed by talin. Zd appears essentially con- 
stant, inspire of the decrease in N. This decrease must, 
therefore, be overcompensated by the increase of b. This 
also explains the strong increase of z R which changes i, 1 

with a higher power of b than of N (ri, 1 ~: N2 b3) • Since 
z~/zi increases by a factor of 20, b has to grow at least by 
a factor of five. 

According to Eq. (10) and Fig. 7, the increase of the 
effective segment length can be explained as a conse- 
quence of the reduction of the flexibility of the filaments 
about the joints (determined by the defects) or as an in- 
crease of the distance between defects. 

It should be noted that the shift of z B to longer times 1,1 

(by a factor of 10) could also be explained by an increase 
of the bending stiffness, both on the basis of the bending 
model and the Rouse model. Firstly, the bending model 
predicts that r B decreases with increasing bending rood- i, 1 

z B l/B). If zd is not affected by talin one would ulus ( i.1 oz 
expect an increase of B by a factor of 20. Secondly, the 
persistence length, Lp is proportional to B and an increase 
of Lp would correspond to an increase in the effective 
segment length of the Rouse model (Lagowski et al. 1991). 
Evidence for an increase of the bending stiffness by talin 
was provided previously by QELS experiments (Kauf- 
mann et al. 1991). A remarkable slowing down of the long 
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time decay of the dynamic structure factor was found and 
according to the theory by Farge and Maggs (1993), this 
corresponds to an increase in the bending modulus. In- 
deed, this increase of B was recently verified directly by 
correlation spectroscopy of single filament fluctuations as 
will be shown in a forthcoming paper. 

Concluding remarks 

One intention of the present work was to clarify why actin 
filaments behave a semiflexible rods if their dynamics are 
observed by QELS or flicker spectroscopy and as Rouse 
chains in rheological measurements in the long time limit. 
Another motivation was to clarify whether rheological 
measurements are suited to study effects of actin binding 
proteins on the stiffness of actin filaments and on the 
structure and dynamics of entangled actin networks. 

We provide evidence that the viscoelasticity of the net- 
works is determined by the defect structure which gives 
the filaments typical properties of random chains of the 
Kramers type (semi-freely jointed segments). It should be 
noted, however, that for large excitation wavelengths 
compared to the persistence length (Lv, i.e. of the order of 
the chain length, L) the mechanical relaxation would also 
be expected to obey the Rouse law since the chain behaves 
as a random coil at q Lp ~ 1. This is only a rather crude 
approximation since the distance between defects is a few 
micrometers and each filament consists only of at most 
ten segments. Certainly more rheological measurements, 
in particular at higher frequency, are required in order to 
probe the cross-over from the Rouse-like regime to the 
bending regime. The design of a new rheometer for this 
purpose is in process. 

Talin shows major effects: a) on the steady state poly- 
merization kinetics and on the transient binding kinetics 
of actin (Goldmann and Isenberg 1991; Goldmann et al. 
1992), b) on the length distribution and the stiffness of 
actin filaments (Kaufmann et al. 1992) c) on charged lipid 
monolayers using the film balance technique (Dietrich 
et al. 1993); however, talin most likely does not bind all 
along actin filaments (unpublished EM observation): 

• It promotes the rapid formation of short oligomers. 
Based on Fig. 6 oligomers of about 1 gm length are 
formed within approximately 1 min. These oligomers 
appear to form long filaments after approximately five 
hours. In contrast, the growth of pure actin filaments 
is completed after about two hours. 

• The present as well as previous QELS studies suggest 
that the short chains co-exist for a long time with very 
long filaments. 

• In the framework of our interpretation of the vis- 
coelasticity in terms of Rouse-like behaviour, we find a 
remarkable increase in the stiffness of the chains (ex- 
pressed in terms of the effective segment length). The 
stiffening is paralleled by a slight increase in the bend- 
ing stiffness as suggested by QELS. 

The nucleation and stabilization of actin filaments by 
talin has important consequences (ef. Isenberg and Gold- 
mann 1992). The reduction in the chain dynamics could 

help to prevent the repulsion between the filaments due to 
undulation forces (Verde et al. 1992) and thus, favour the 
parallel arrangement of filaments. 

Appendix 

Relaxation spectrum of semiflexible rods 

As a most simple mechanical model of a semiflexible rod 
we consider a chain of beads interconnected by massless 
rods of bending stiffness, B and length, b (cf. Fig. 7). 

In order to determine the relaxation spectrum we start 
from the well known expression for the shear stress, % 
(i, index denoting plane of attack andj  direction of stress): 

C 

aR., L ' /  
where, c is the radius vector of the n th monomer. R,i is the 
component of R, in the direction, i. Uao,d is the bending 
energy introduced in Eq. (8). The brackets ( . . . )  denote 
the ensemble average over all configurations. 

It is useful to introduce the radius vector, R (s) to char- 
acterize the position of segment, n. Since the local tangent 
to the filament is t = R (s + ds) - R (s), one can write for 
the bending elastic energy: 

L N 

Gu~,a=~B ~as2)  d s -  2 b3 \~-n2] dn (A.2) 
0 0 

where the right side is obtained by inserting ds = b • dn 
(where b is the segment length). 

In the continuous limit one obtains from Eq. (A. 1): 
L 

C 1 l i d s '  aaBend(S') ) ~riJ - N L as [i ] R (s')~ (A. 3) 
0 

where ~G/as is the functional derivate of the left expres- 
sion in Eq. (A. 2) with respect to segment length, s. One, 
therefore, obtains finally: 

L L 

c B ds' Rj (s') ds (A.4) 
 "-NL / 

o 0 
Expansion of the deformation, R(s) in normal coordi- 
nates: 

R (s, t) = X o (t) + 2 ~ Xp (t) cos prc s p = 1 L (A. 5) 

and insertion into Eq. (A. 4) yields: 

C g 4  p 4  

aij(t) = ~ ~p 2Bp ~ -  (Xpi(t)Xpj(t)) 

C 
= ~ Zp bp (Xp, (t) Xpj (t)) (A. 6 a) 

with (L = N • b): 

2 B r c  4 
bp- L 3 p4. (A. 6b) 
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This equation is equivalent to the well known relation- 
ship for the Rouse model (Doi and Edwards 1986) with 
the exception that bp is replaced by kp = 3 k 8 T/L 2. 

The next problem is to calculate the mean square am- 
plitude (Xpi(t)Xpj(t)). This is usually done by starting 
from the Langevin equation for each mode which reads: 

(p ~--[ X, (t) = - bp Xp (t) + ~; z Xp (t) + fp (t) (a. 7) 

where, (p is the frictional constant of each segment of 
length b and (p = 6rt qw b. fu(t) is the fluctuation force 
driving the flickering of the filaments. The second term 
on the right side accounts for the shear force due to 
the hydrodynamic flow excited by the external (oscillato- 
ry) excitation, z is the tensor of the velocity gradient: 
~i~ = avl (r, t)/axj (Doi and Edwards 1986). In the present 
experiment, the amplitude of the external oscillatory force 
is small. If we denote by z the rotational axis of the 
rheometer, by x the local axis along the radial direction, 
and by y the local angular direction (equal to the direc- 
tion of the shear force), the velocity increases linearly in 
the z-direction and one has to consider only the tensor 
element zxy (r, t) = d r/h where r is the radius of the local 
position considered (Miiller et al. 1991) and d is the shear 
rate. 

In order to calculate the expression (Xpi (t)XH(t)) in 
Eq. (A. 6 a) it is customary to consider the Smolukowsky 
equation. This procedure is very clearly described in Doi 
and Edwards (1986) for the Rouse model and will not be 
repeated here. It results in the following differential equa- 
tion for (Xvx(t) Xvy(t)): (A. 8) 

a (Xp,~X, , , )  2 b P ( X p ,  xXp, , )+z~,( t )  2 
- -  = - < X ; , , > .  
at g 
This equation is further simplified by assuming that for 
small shear rates zxy (t), the ensemble average of the mean 
squared amplitude (IXpy(t)l 2) can be replaced by its 
thermodynamic equilibrium value. By insertion of 
Eq. (A. 5) in Eq. (A. 2), it is easily verified that the bending 
energy may be expressed in terms of the mean square 
amplitudes of the modes, X v as: 

B (2~4p4"~ 1 E b p ( X 2 ) .  (a. 9) 

Application of the equipartition theorem yields, (X2y) 
= kBT/b p and the relaxation equation (A. 8) reads: 

k B T (A. 10) a <x;.xx,.,) -1  <x,,xx~,,>+×x, be at zp 

where the relaxation time is: 

= (p/2bv. (A. 11) "fp 

A general solution of Eq. (A. 10) is: 

(Xp, x(t)Xp, y(t)) ~xykBTzP (1 e -t/~) (A. 12) 
bp 

By inserting (A. 12) in (A. 6) and considering that: 
t 

a u = ~ dt' G ( t -  t') d (t') (A. 13) 
o 

the relaxation function is obtained as: 

c ~ e- t /~.  (A. 14) o ( t )  = 

The Fourier components in, co space are, thus: 

B 

a '  (co) = ~ ~:~ 1 + (co.qy ; G" (co) = ~ , =~ 1 + (co q )~  

(A. 15) 

It is exactly the same equation as obtained for Rouse 
modes where the Rouse relaxation time is determined by, 
R given in Eq. (A. 13). "t'p 

If we consider a situation where both, the bending and 
the Rouse relaxation processes play a role, the equiparti- 
tion theorem is: 

k B T (A. 16) 
( X p ' x X p ' y )  - -  b e + kp 

and the relaxation time in Eqs. (A. 14) and (A. 15) has to be 
replaced by: 

1 1 1 
- B + _g"  (A. 17) 

"fp "~p ~p 
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