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By dynamic light scattering, the intensity autocorrelation function, G2(t) = B[1+ 8|g'(7)|®], was obtained over the scattering
angles (#) from 30 to 130° in steps of 10° for semnidilute solutions of muscle F-actin and of F-actin complexed with heavy
meromyosin in the absence of ATP (acto-HMM), where B is the baseline and B a constant. The main findings were: (1) A 0.5
mg/ml F-actin solution gave nonreproducible spectra at § < 40° but quite reproducible spectra at § = 50°, with 8 =0.9-0.8 at all §
values. Nonreproducibility of spectra at low @ values was concluded to be due to restricted motions of very long filaments confined
in cages or zig-zag tubing formed by a major fraction of filaments, where the very long filaments were those at a distant tail of an
exponential length distribution and the major fraction of filaments were those with lengths around L,-2L,. L, being the
number-average length. Spectral widths were compared with theoretical ones for rigid rods averaged over the length distribution with
L, =900 nm, and were suggested to be largely contributed at high 8 values from bending motions of filaments. (2) Acto-HMM
solutions at 0.5 mg,/ml F-actin and at weight ratios of HMM to F-actin of 0.5-2 gave spectra which, with respect to 8, behaved very
similarly to those of F-actin alone. The spectral widths, however, drastically decreased with the weight ratio up to unity and stayed
virtually constant above unity. In contrast to a previous study (F.D. Carlson and A.B. Fraser, J. Mol. Biol. 89 (1974) 273), B values
of acto-HMM were as large as those of F-actin alone. Acto-HMM was concluded to travel a distance far greater than 1/K with a
mobility smaller than that of F-actin, where K = (47,/)\)sin(8,/2), X being the wavelength of light in the medium. These results
suggest that acto-HMM gels are very soft even though they did not pour from an inverted cell. Based on several intuitive models
which give a mutual relationship between the B value and modes of motions of scatterers, we discuss the restricted motions
responsible for nonreproducibility of spectra at low angles and large 8 values of acto-HMM gels at all @ values and weight ratios so
far studied.

1. Introduction

The physicochemical properties of muscle F-
actin and F-actin complexed with heavy mero-
myosin (HMM) have been extensively studied
using various techniques. Among them, a dynamic
light-scattering study of F-actin and an F-
actin/HMM complex in the absence of ATP
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(acto-HMM) was first made by Fujime and
Ishiwata [1] by using an analog spectrum analyzer,
and later by Carlson and Fraser [2] who employed
a digital correlator. Fujime and Ishiwata claimed
that F-actin in solution underwent bending
Brownian motion. Carlson and Fraser, on the
other hand, claimed that there was no firm evi-
dence for the flexibility of F-actin in solution. The
flexibility of F-actin, however, has been estab-
lished by various studies carried out over the
period 1975-1980 (see references cited in ref. 3;
see also, for a review, ref. 4), and the apparent
discrepancies in experimental results on F-actin
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obtained by these two groups have been discussed
in ref. 3.

According to the theory of dynamic light
scattering [5], the normalized intensity autocorre-
lation function g2(r) of polarized light scattered
from freely diffusing particles is given by g2(r) =
1+ |g!(7) |3, where 7 is the delay time and g'(7)
the normalized field correlation function of
scattered light. By definition, g'(r) decays from 1
at =0 to zero at 7= o, and we have g2(0) =2,
The experimental g2(0), however, is smaller than
2 due to nonideality under experimental condi-
tions; g2(7)=1+ 8| g!(r)|* with0 <8< 1. Un-
der normal conditions of dynamic light scattering,
the 8 value is 0.9-0.6 depending on the sizes of
the pinholes in light-collection optics and the
channel width At (7= nAr, n being the channel
number of a digital correlator). For the sake of
convenience in the later discussion, g2(r) is re-
written in an unnormalized form:

G*(r)=B[1+815'(7)1’] (1)
In a digital correlation method, the baseline level
B is known, so that the absolute value of 8 can be
evaluated. On the other hand, the power spectrum
S2(w) of the intensity of scattered light is given by
the Fourier transform of eq. 1; $*(w)= B[dc+
BS(©)*S(w)], where @ is the angular frequency,
and dc (the direct current component) and S!(w)
denote the Fourier transforms of 1 and gl(7),
respectively, the asterisk representing convolution.
In an analog method, the dc component and hence
the 8 value cannot be evaluated. Since Fujime
and Ishiwata [1] measured S%(w) by using an
analog method, they neglected the 8 value for
acto-HMM solutions and claimed that the fila-
ment flexibility was increased by HMM binding
to F-actin. Carlson and Fraser [2] observed a
vanishingly small 8 value for acto-HMM solu-
tions and claimed gelation of actin filaments.
Later, Fujime et al. [3] reinvestigated the same
system by using a digital method and observed a
large 8 value contrary to the result of Carlson et
al. [2,6].

This study was motivated by the following
points: in 1981, we found that highly nonrepro-
ducible profiles of G23(r) values at F-actin
concentrations above 0.3 mg,/ml resulted from the

appearance of very slowly decaying components
which appeared to be due to the restricted motion
of long filaments in a semidilute regime [3]. In
that study, however, G*(7) was measured only at
one scattering angle § of about 32° or K*>=10.90
% 10"%em ™2 (K denotes the length of the scatter-
ing vector, K= (4mn/\,) sin(8,/2) where n is the
refractive index of solvent and A, the wavelength
of light in a vacuum). In 1984, we measured G*(7)
values for a 0.5 mg/ml F-actin solution at 30° < ¢
<130° and found that the profiles at 8> 50°
were very reproducible as shown in this paper,
although the profiles at =30 and 40° were
indeed highly nonreproducible. Very similar be-
havior of G?(7) values was also observed for
acto-HMM solutions. On the other hand, such
nonreproducibility in the profiles was not ob-
served for monodisperse suspensions of bacterio-
phage fd at 30° <8 <£150° and at fd concentra-
tions up to 6 mg,/ml [7]. Since bacteriophage fd is
895 nm long and 9 nm thick, its dimensions are
very close to those of F-actin; the number-average
length L, of F-actin is 800-1000 nm [8]. Then,
there arose the question as to why nonreproduci-
bility in the profiles appeared in the case of F-
actin; i.e., was this due to its length distribution or
to some other parameter(s)? Another question
arose from our analysis of the polymerization
process of actin by dynamic lhight scattering [9].
The time evolution of G2(7) after initiation of
polymernization was followed at =60 or 90°,
and it was found that at the time when the poly-
mer concentration was one-fifth of the total actin
concentration, about 0.4 mg/ml F-actin, a very
slowly decaying component began to appear. These
two recent studies [7,9] reminded us of our mea-
surements carried out in 1984.

2. Materials and methods

2.1. Materials

Muscle proteins were obtained from rabbit back
and leg white muscle. Dry muscle was prepared
using almost the same method as that of Straub
[10], except that the regulatory proteins were
removed before acetone treatment of myosin-ex-
tracted minced muscle [11]. G-Actin was purified
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according to the method of Spudich and Watt [12)
with slight modifications. To prepare F-actin, 2
mg/ml G-actin filtered through a membrane filter
(pore size 50 nm; Millipore) was polymerized in a
10 mm outer diameter light-scattering cell at 20°C
in 0.1 M KCl, 1 mM MgCl,, 10 mM Tris-HCI
(pH 8.0) and 0.5 mM ATP. 40 min after initiation
of polymerization, the actin solution was diluted
to 0.5 mg/ml by adding the above solvent and
stored on ice. HMM was prepared according to
the method of Weeds and Pope [13] by
chymotryptic digestion of myosin which had been
purified as described by Szent-Gyorgyi [14] with
slight modifications. An acto-HMM complex was
obtained by adding HMM (not filtered through a
membrane filter) to the above F-actin solution
before dilution. This mixing procedure was per-
formed in such a way as to obtain final concentra-
tion of 0.5 mg/ml F-actin and weight ratios of
0.5, 1, 1.5 and 2 (henceforth, ‘weight ratio’ refers
to the weight ratio of HMM to F-actin). The
mixtures were left standing at 20°C for 30 min
and stored on ice. For more details, see refs. 3 and
9. Light-scattering measurements commenced 24 h
after preparation of the solutions and finished
within 5 days.

2.2. Dynamic light scattering

The spectrometer we used was of a conven-
tional design. A 488 nm beam from an argon ion
laser (Lexel, model 95) was used as a light source.
Details of the spectrometer have been described
elsewhere [3]. We used a 128-channel, single-
clipped digital correlator [3,15], interfaced to a
minicomputer (Nova 02,30, Nippon Data Gen-
eral). Our correlator has 16 extra channels whose
delay time starts from 128(1 + M )Ar, where M =
1,2 or 3 and Ar is the channel width. G3(r) was
measured at 10°C and at 30° <8 <130° in steps
of 10°. For each angle, 10 runs of measurements
were made successively with a data accumulation
period of 180 s/run.

G*(7) values are displayed in the following two
types of normalized forms [3]

Blg'(r)12=p[GX~)-Bl/B (2
|8 (r)[ =[G*(7) - F]/[6*(ar)-F]  (3)

where 8" = (1 + (n))/(1 + k) ({n) being the aver-
age counts of photoelectrons during the time in-
terval At and k the clipping level), B= G*(0) is
the baseline level, and F the average of the 16
extra channels for M = 3.

' A cumulant expansion [16] was applied to g'(r)
in eq. 1:

g'(7) =exp(—Tr)[1+ (pp/20) 7% — (12/31)7°]
4)

Since the correlation function had a long tail, a
multiexponential fit was also applied to g'(7) in
eq. 1:

£'(r) = XA, exp(~T7) (5)

where 2,4, = 1.0. An algorithm for a least-squares
multiexponential fit has been described in ref. 9.

3. Results
3.1. Profiles of correlation functions

Fig. 1 shows profiles of G3(r) for an 0.5 mg/ml
F-actin solution at various @ values (for profiles at
6 =90°, see fig. 3). Ten G*(7) runs measured
successively at each angle are displayed in nor-
malized forms: B|g'(7)|? in the left- and
| g%(7) | ?in the right-hand panel of each pair. At
0 =30 and 40°, the profiles shown on the left
differed randomly from run to run as in ref. 3. As
seen from the rather good reproducibility in pro-
files shown in the right-hand panels, nonrepro-
ducibility in successive profiles arose mostly from
different sizes of F. Namely, there was a very
slowly decaying component(s) which could not be
measured with high statistical accuracy. (This
component was found not to be due to dust
and /or large aggregates [3].) However, at 8 > 50°,
the profiles became reproducible; the greater the
angle, the better was the reproducibility. It should
be noted that the 8 values were 0.9-0.8 for all 4
values so far studied.

Fig. 2 shows the profiles for an acto-HMM
solution of 0.5 mg/ml F-actin and 0.5 mg/ml
HMM (for profiles at 8#=90°, see fig.3). The
profiles for solutions at other weight ratios (0.5,
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1.5 and 2.0) were essentially similar to those in fig.
2 and to each other. The general trends in behav-
ior of the profiles were very similar to those in fig.
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256
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1. Although the solution of acto-HMM at 0.5
mg/ml F-actin and weight ratios greater than
unity did not pour from the inverted scattering

80

0

8

00

s

50

[
,

o

[,

0o

8

20

0

s
/,

ARAAas
C,

30

Fig. 1. Profiles of ten successively measured correlation functions in normalized forms, 8g'(7)|? in eq. 2 on the left and | g's(7)|

2

in eq. 3 in the right-hand panels in each pair. The delay time 7, =1284r (in ms.) is given in the left panel and the scattering angle @
on the right in each pair. F and B in the top left panel denote the far-point channels and baseline, respectively. Profiles at § = 90°
are given in fig. 3. 0.5 mg/ml F-actin in 0.1 M KCl, 1 mM MgCl,, 10 mM Tris-HCl (pH 8.0) and 0.5 mM ATP at 10° C.
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cell, the 8 values were again 0.9-0.8 at all 4 Fig. 3 shows the profiles at § =90° for acto-
values. This contrasts markedly with the results of HMM at 0.5 mg/ml F-actin and at weight ratios
Carlson et al. [2,6]. of 0, 0.5, 1, 1.5 and 2. At any weight ratio, the 8
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Fig. 2. Profiles of ten successively measured correlation functions in normalized forms (see legend to fig. 1). 0.5 mg/ml F-actin and
0.5 mg/ml HMM in 0.1 M KCI, 1 mM MgCl,, 10 mM Tris-HCl (pH 8.0) and 0.5 mM ADP plus P, at 10°C. (ATP in an F-actin
solution had been hydrolyzed by HMM and rigor complexes of F-actin and HMM had been formed.)
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Fig. 3. Profiles of ten successively measured correlation func-

tions at 6 =90° in normalized forms (see legend to fig. 1). 0.5

mg/ml F-actin and at weight ratios of 0-2 in 0.1 M KCl, 1

mM MgCl,, 10 mM Tris-HCl (pH 8.0) and 0.5 mM ATP

(ADP+ P;). The weight ratio is given in the top right corner of

each pair. The delay time 7, =128A7 was 2.56 ms in all
panels.

value was large. Comparing the profiles in fig. 3,
one finds that the decay of G2(r) values became
slower and that the F value became greater as the
weight ratio increased. To illustrate this feature,
we made quantitative analyses of G2(r) values.

3.2. T /K? vs. K? relationships

Fig. 4 shows the I'/K? vs. K? relationships of
G?*(7) values obtained by the third-order cumu-
lant expansion, eq. 4. The behavior of T'/K? with
respect to K? was not smooth. This resulted
mainly from the fact that the value of g'(1284r)
was different from angle to angle (see figs. 1-3).
The cumulant expansion did not give a good fit to
the experimental G2(7) for short delay times,
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Fig. 4. The T/K? vs. K? relationships at 10°C obtained by
third-order cumulant expansion of correlation functions for
solutions of F-actin/HMM complexes at 0.5 mg/ml F-actin
and at weight ratios of HMM/F-actin of 0 (@), 0.5 (m), 1 (O),
1.5 (a) and 2 (O). For solvent conditions, see legend to fig. 3.
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Fig. 5. The T/K? vs. K? relationships at 10°C obtained by
three-exponential analysis (for symbols, see legend to fig. 4).

although a larger weight, w, = |g'(nA7)|?, was
imposed for small n than for large » in a least-
squares fit. Namely, the experimental G*(7) val-
ues at all # values were highly nonexponential
and also included a very fast component(s) which
cannot be fitted well with the third-order cumu-
lant expansion. The results in fig. 4 then under-
estimate the I'/K? values.

In order to obtain more precise fitting than in
cumulant expansion, a three exponential analysis
(eq. 5) was applied and the initial decay rate I’
was evaluated with

T/K2=(A1F1+A2F2+A3F3)/K2 (6)

Fig. 5 shows the results of the three-exponential
analysis with an equal weight of w, = 1. Because
of better fitting over the entire delay time, the
I'/K? values in fig. 5 are larger than the corre-
sponding values in fig. 4.

4. Discussion

We first consider very simple but intuitive
models in order to establish a mutual relationship
between magnitude of the 8 values and modes of
motions of scatterers in dynamic light scattering.
Let N be the number of identical particles
(spherical in shape for simplicity) in the scattering
volume.

4.1, Model consideration

4.1.1. Model 1

Let us assume that pN particles diffuse freely
and that (1 — p)N particles do not move relative
to the laboratory-fixed coordinate system. Since
the field correlation function for freely diffusing
particles is given by g.(r)=exp(—=DK¥), D
being the translational diffusion coefficient of the
particle, the field correlation function for the total
system is given by g(r) =i, +i,g,(7) with i +i,
=1, from which we define

i,=g(w), i;=1~g(o0),
g.(r) =[a(r) - g(e0)] /i, (7

Insertion of these equations into the heterodyne
formula [17], g*(7) =2+ 2igi[1 + ag(7)] +iZ[1
+ Bg.(7)?), gives with a = 8,

g2(r)=1+B,1g"(r)|? (8)
B.=B[1-g(e0)] (9)
1g'(1) 12 = [g(7)" = g(w)’] /[1 - 8(0)]] ($7)

Since this | g'(r)|? decays to zero at 7 = o0, €q. 8
has the same form as eq. 1 for G%(7)/B, but B, is
smaller than 8 by a factor of [1 — g(0)?], which
decreases as i, = g(co0) increases (as pN becomes
smaller).
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4.1.2. Model 2

Let (1 — p)N particles in model 1 have the
diffusion coefficient D, (<< D for pN particles),
the field correlation function is given by

g(7)=1i, exp(—DCKz'r) +i exp(—DK?’r) (10)

with i+ i = 1. Since g(o0) =0, eq. 10 gives eq. 8
with B, = B irrespective of the size of positive D..
When D, is extremely small, however, a very long
time is needed to obtain g?(r) with high statisti-
cal accuracy. (This model is only a simplified one
for a mixture of two kinds of scatterers with equal
scattering power and different maobilities.)

4.1.3. Model 3
Each particle is assumed to be confined in a
small compartment which does not move relative
to the laboratory-fixed coordinate system. This is
approximated by the situation where each particle
is harmonically bound to the center of the com-
partment, i.e., {(dx/dr)= —«kx + f(¢), where { is
the friction constant, x the position of the par-
ticle, x the force constant to restore the deviation
x and f(z) the random force acting on the par-
ticle. For motion in a viscous medium, the inertia
term is negligible. Under the usual assumption,
{x(r)f(2")> =0 [18), we easily have {x(z)x(z))
= (x?y exp(—or) with 7= |t — 1’|, (k/2(x?) =
kpT/2 and o=x/{, where (...} denotes the
statistical average. Since g(r) = (expliK {x(1)—
x(2')}1)%, where the superscript 3 indicates taking
the three components, K {x(#) — x(z)}, K { »(1)
—y(t")} and K,{z(t) — z(+')), and since
(expliz(T)]) = exp(— (z(7)*)>/2) for a Gaussian
random variable z(7) = K _{ x(?) — x(¢")}, we have

g{r) =exp[ - K¥x)*{1 —exp(—o'r)}] (11)

This g(r) decays to exp(~K*(x?))> 0 at = co.
If we define g(7)=i,+ig/(7) as in eq. 7, we
again have eq. 8. In model 3, B. diminishes as
K¥x?y = K*(kyT/x) decreases. The square root
of ¢{x?) is a measure of the size of the compart-
ment which confines the particle therein. The fac-
tor exp(—K?*(x?)) bears analogy to the Debye-
Waller factor in diffraction crystallography [19].
Since o = (kaT/¢)/(x*> =DK*/(K¥x?)), we

have g(r)->exp(~DK?7) in the limit of very
large K%(x?}, and hence B, = 8.

4.1.4. Model 4

If each compartment assumed in model 3 can
diffuse through the scattering volume with a diffu-
sion coefficient D,, we have from eq. 11

g(7) =exp(-D,K’r)
xexp[ ~KXx*){1~exp(=07)}] (12)

Since g(o0)=0, eq. 12 gives eq. 8 with B, =f
irrespective of the size of positive D,. Note that
g(7) tends toward exp]— (D, + D)K?*r] for 7 <
o ' and toward exp(— D,K*r) for > 07",

To sum up, the 8 value is small when g(o0) # 0.
Bearing in mind that the above models are appli-
cable to our problems only conceptually, we now
discuss various aspects of spectra for F-actin and
acto-HMM.

4.2. F-Actin

4.2.1. B value

The B value for F-actin alone is large in ref. 3
and in figs. 1 and 3 as well as in refs. 2 and 6,
although the viscoelastic properties of F-actin
solutions depend strongly on the shear rate [20],
suggesting entanglement of long filaments. En-
tanglement will cause a restriction on the motion
of filaments. Because of large B values, the re-
stricted motions of filaments are neither those in
model 1 nor model 3 with smafl {x?) but either
those in models 2 and 4 with small D, or those in
models 3 and 4 with large (x?).

4.2.2. Profiles of correlation functions

Concerning the nonreproducibility of the pro-
files at low & values, we proposed the restricted
motion of long filaments in semidilute solutions of
F-actin [3]. Let L be the length of the filament
and ¢, ¢, and ¢* be the number, mg/ml and
overlap concentrations of filaments, respectively.
It is evident that cL® = cp/c* where ¢c* = M /NIL?
in units of mg/ml (M,, molecular weight; N,
Avogadro’s number). Since F-actin has an ex-
ponential length distribution N(L), we have the
relationship L, =2L, where L, and L, are, re-
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spectively, the number- and weight-average
lengths. Since the M, of G-actin is 4.2 x 10’
mg/mol and F-actin of length 1 pm has 400
G-actin, we have M. (L)=168x10¥ x L
mg/mol and {cL?) = (¢,/2.8) X 10" x (L?).
Since (L?) = 2L2, we have {cL*) = 29 for ¢, = 0.5
mg,/ml F-actin with L =900 nm [8]. The free
volume occupied by one rod is equal to 1/¢c, so
that we have a cage radius of a_~ L/(cL*)'"?
[21,22}. For L, = 900 nm and (cL?) = 29, we have
a. = 170 nm, which should be compared with 1 /K
=40 nm at  =90° and 110 nm at 30°, Then we
have K*(x?) =(170,/40)* = 18 and (170/110)% =
24 at 90 and 30°, respectively; g(o0) =
exp(— K%(x?)) in models 3 and 4 is indeed very
small. In addition to this, if we take into account a
finite lifetime of the cage (i.e., D, > 0 in model 4),
the sideways translation of filaments, D,, will be
observed to be almost free by dynamic light
scattering at not very low @ values. On the other
hand, for L,=90 nm and (cL?) =29, we have
a, =17 nm; sideways translation in this case will
be observed to be strongly restricted even at the
highest 8, i.e,, D; ~ 0 as in the model of Doi and
Edwards [23]. Since many experiments have shown
that the onset of semidilute regime appears in
rotational diffusion at ¢L* ~ 50 [21,24,25], a major
fraction of filaments with lengths up to about L,
in a 0.5 mg/ml F-actin solution are expected to
undergo almost free Brownian motion (fig. 6a).
However, each of the very long filaments which
contribute to the distant tail of N(L) will be
confined in several cages simultaneously, or in
zig-zag tubing, with radius a, formed by a major
fraction of filaments with lengths around L -L,,
(fig. 6b). If the filaments are rigid, any movement
of very long filaments in such zig-zag tubing is not
expected. Thus, motions of these filaments will be
strongly restricted even if they are semiflexible.
Lengthwise translation of a very long filament,
D,, will inevitably induce its forced bending. We
can then expect a situation such as that in model
2; for simplicity, D is assumed to express possible
effects on g(r) of the various modes of motion of
a major fraction of filaments and D_, those of
restricted motions of very long filaments. If D_ is
very small, the first term on the right-hand side of
eq. 10 signifies a very slowly decaying component

(c) (d)

Fig. 6. Conceptual illustrations of entanglements of filaments.
Semidilute solution of F-actin. (a) Test filament of length
about L —L, confined in a cage formed by a major fraction
of filaments where the test filament undergoes almost free
Brownian motions. (b) Test filament of length several times
greater than L confined in cages, or zig-zag tubing, formed by
a major fraction of filaments, where the test filament under-
goes strongly restricted Brownian motions. Semidilute solution
of acto-HMM. (c) Free filament decorated with HMMs. (d)
Free filaments cross-linked (C) by HMM(s). (e) Network of
filaments cross-linked by HMMs. C;, P and S denote, respec-
tively, cross-link, free end and free filament. Parts d and e:
HMM decoration is not explicitly illustrated.

contributing to the F values, and a very long time
is needed to obtain G2(r) with high statistical
accuracy [3].

For monodisperse bacteriophage fd, on the
other hand, a time of 100-300 s/run was suffi-
ciently long to obtain G?(7) at ¢L* up to 160 (or 6
mg/ml) and at 30° <8 <150° with very high
statistical accuracy [7]. The lack of very long fila-
ments in the bacteriophage fd preparation resulted
in highly reproducible profiles even at low 8 val-
ues and in a semidilute regime. Then, the question
arises as to why the profiles for F-actin became
reproducible at high # values. This will be dis-
cussed below.

42.3. T /K? vs. K? relationships

We shall first examine the effects of transla-
tional and rotational motions of filaments on
G?*(t). According to our theory for a rigid rod, the
first cumulant T is given by [22,26]

T/K*=D,+ (L*/12)8f,(k)
+(D3_D1)[f2(k)_1/3] (13)
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where Dy = (2D, + D;)/3 is the overall transla-
tional diffusion coefficient, D, and D, the respec-
tive sideways and lengthways translational diffu-
sion coefficients, © the end-over-end rotational
diffusion coefficient, and f,(k) and f,(k), func-
tions depending only on k = KL /2. In eq. 13, the
second term on the right-hand side indicates the
contribution from rotational diffusion and the
third term that from anisotropy in translational
diffusion. At k — 0, we have I'/K * - D,. At finite
K2, T/K? gives an apparent diffusion coefficient;
at a given K2, the larger the apparent diffusion
coefficient, the greater is the involvement of the
high-frequency modes of motion of the scatterer.
For F-actin, we need to take account of an aver-
age of I'/K? over the length distribution N(L);

(1_"/K2>2=f(T‘/K2)L2P(KL)N(L) dL

/szP(KL)N(L)dL (14)

where the subscript :z represents the so-called
z-average and P(KL) the scattering function. It is
interesting to examine the limiting forms of {D,),.
For Dy(L) = (kgT/3amL)[In(2L/d) — 0.73],
which is the Broersma formula for D, without
minor correction terms [27], it has been shown
that

(Do), =D (L,)=(kgT/3mnL,)

X [In(2aL,/d)—0.73] (KL -0)

(15)
=D,(L,) = (ksT/37nL,)

X [In(2a’L,/d)~0.73] (KL=1)

(16)
where d is the rod diameter, a = 1.53 and o’ = 0.56
for an exponential length distribution [9]. In the
limit of K?=0, (D,), is close to the Broersma
value for L =L, although «L, is smaller than
L,. On the other hand, for such long rods as
F-actin at not very small K2, {D,), is rather close
to the Broersma value for L =L _, although «  is
smaller than unity.

The results obtained by machine computation
of eq. 14 for the exponential length distribution
with L, =900 nm [8,9] and d = 8 nm are shown in
fig. 7. In the machine computation of eq. 14 with
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Fig. 7. Simulated results of (I'/K?), for rigid rods with an
exponential length distribution (for details, see text) and ex-
perimental results (®) for F-actin taken from fig. 5. The
number-average length was assumed to be L, =900 nm and
solid curves were computed for L £ 6000 nm and dashed
curves for L < 3500 nm. Curves; (1,2) (D,), vs. K? for dilute
solution value of Dy; (3, 6) (T/K?), vs. K? for dilute solution
values of D, (i=0, 1 and 3) and 8; (4) (L/K?), vs. K? for
dilute solution values of D; and one-half the dilute solution
value of 8; (5) (T/K?), for dilute solution values of D, and
0= 0. All solid curves begin at K?=0 from the value indi-
cated by the lower arrow, and dashed curves from that indi-
cated by the upper arrow. (The difference between curves 3
and 5 gives ((L2/12)8f,(k)),, and the difference between
curves 1 and 5 gives — ((Dy— D))[f2(k)—1/3]),.) The dilute
solution values of D, and @ were computed by use of
Broersma’s formulas. When compared with experimental re-
sults in a semidilute regime, it should be noted that these lines
give an upper bound of (I/K?), for each computational
condition, because free translation was assumed for all rods
including very long ones.
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Broersma’s formulas for D(L) and @(L) includ-
ing minor correction terms [27,28], the integration
over L was replaced by a summation up to L =
6000 nm with steps of 50 nm. For computation of
P(KL), the algorithms given in refs. 26 and 29
were used. Curve 1 in fig. 7 depicts the (D}, vs.
K? relationship. This begins at D, (L) (indicated
by the lower arrow) at K2=0 and rapidly in-
creases, reaching a plateau value of D,(L,) as K2
increases. Curve 2 shows the same relationship
when the summation is truncated at L = 3500 nm.
This commences at the value indicated by the
upper arrow at K2 =0. The difference between
these two curves arises from contributions to { D, ),
from very long filaments, although they amount to
only 3% of the total. Curves 3-5 show (I'/K?),
for @(L) of Broersma’s value, for @ of one-half
of its dilute solution value and for & = 0 respec-
tively, and for L £ 6000 nm. (Curve 6 corre-
sponds to curve 3 but for L < 3500 nm.)

Since both f,(k) and —[f,(k)—1/3] are in-
creasing functions of k, the effects of polydis-
persity on the second and third terms in eq. 13
almost cancel out with each other [29], and the
effect of polydispersity on (I'/K?), appears
mostly through (D;), which is close to the num-
ber-average value except for very small X% Apart
from the complexity due to the restricted motions
of very long filaments at high cL’, it is then
suggested that complexity due to polydispersity
can be mostly eliminated by adopting L= L, or
an effective length L, which satisfies Dy(L,) =
D._(L,), since (D), (curve 1 in fig. 7) is nearly
constant over the K? range we studied. The in-
crease in observed values (@) at low K? is gradual
compared with the K2 dependence of curve 3.
This is mostly due to a large contribution at low
K? from a slowly decaying component(s) due to
the restricted motions of very long filaments men-
tioned above. Note the sizes of the F values in fig.
1. At high K2, on the other hand, the observed
values (@) exceed those of curve 3, although re-
stricted motions of very long filaments more or
less contribute to the spectrum. Hence, the excess
values of the observed points over curve 3 (5) at
high K? approximately give the lower (upper)
bound of contributions to I'/K? from bending
motions of filaments.

For a semiflexible filament, we have (cf. eq. 13)
T/K? =D, + (L*/12)0f* (k)
+(Dy = D)[ f*(k) -1/3]

+2.D(,8,, (k) (17)

where f*(k), f,*(k) and a,,(k) (m = 2) are func-
tions of both k and y (the flexibility parameter or
the inverse of the Kuhn length) and D, =
(kyT/4mqL X1+ f,)) (m = 2) denotes the diffu-
sion coefficient of the m-th mode of the bending
motion [30,31]. The first three terms on the right-
hand side of eq. 17 have the same meanings as
those in eq. 13, and the last term(s) denotes the
contribution(s) to T/K 2 from the bending mo-
tion(s). In the stiff limit y— 0, fi*(k)— fi(k),
£*(k)— f,(k) and a,(k)—0. The diffusion
coefficients D,, D;, Dy and O in eq. 17 are also
functions of v (see, for example, refs. 9 and 32).
The effect of nonzero y on the first three terms on
the right in eq. 17 is indeed finite, but very small
compared with that of polydispersity [32]. On the
other hand, the last term(s) in eq. 17 has a large
contribution(s) to I_"/K 2 Since, however, various
examples have been given in refs. 7, 9 and 30-33,
we shall no longer discuss this problem.

Since the root-mean-square amplitude of the
m = 2 bending mode (< 60 and 120 nm for L =
1000 and 2000 nm, respectively [9,32]) is smaller
than the cage radius a,, a major fraction of the
filaments can also undergo almost free flexion
motions (fig. 6a). Increased contributions at high
K? from flexion motions of a major fraction of
filaments, relative to the contribution from the
restricted lengthwise translation of very long fila-
ments, will result in highly reproducible profiles at
high K2. The amplitude (x>} in model 4 shows
an analogy to the mean-square amplitude of the
bending motion, so that even if D, is very small,
increased contributions at high K? from various
modes of restricted bending motions of very long
filaments result in the faster decay of g(r) in eq.
12 (note g(r)—>exp[—(D,+ D)K?3r] for large
K *(x?)) and lesser values of F at high § in fig. 1.
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4.3. Acto-HMM

4.3.1. B value

Carlson et al. [2,6] observed a very small
value for acto-HMM, and interpreted their results
on the basis of their formulation according to
model 3 (their formulation is essentially the same
as ours). They concluded that cross-linking of
actin filaments by HMMs in the absence of ATP
resulted in the gelation of filaments and decrease
in K%(x?). In contrast to their results, ours given
in ref. 3 and in figs. 2 and 3 included B values as
large as those of F-actin alone. As far as the 8
value is concerned, our observations suggest either
small D, in model 2, large K% x?) in model 3,
small D, and any size of K*(x?) in model 4, or
any combination thereof. Small D, in model 2
would occur if HMM-binding could produce bun-
dles of filaments without gelation. However, this
case alone may be excluded since the solution did
not pour from the inverted cell. Large K*(x*) in
models 3 and 4 could be expected if acto-HMM
gel was very soft; most of the HMMs bound to
F-actin with two heads of each HMM on the same
filament and cross-links by HMMs were sparsely
distributed. Small D, (or slow movement of
cross-links over a distance greater than 1/K) in
model 4 could be expected if the lifetime of cross-
links was not infinite, and cycles of creation and
annihilation of cross-links took place sponta-
neously.

The B value was independent of the weight
ratio up to 8 [3]. The T'/K? values at a given K*
drastically decreased up to a weight ratio of unity
but were virtually independent above unity (figs. 4
and 5). An acto-HMM solution of height 2 cm, for
instance, did not pour from the inverted scattering
cell without external disturbances such as mecha-
nical shock being applied to it, whereas the same
solution with a height of 7 cm did so without any
external disturbance. In the latter case, the solu-
tion’s own weight is expected to have induced its
flow in the inverted cell. Acto-HMM solutions are
highly thixotropic. Our results suggest that an
acto-HMM gel is not rigid. However, it is difficult
at present to visualize unequivocally an internal
structure of an acto-HMM gel compatible with
our observations.

In our experiments in 1979, we occasionally
observed small B values, viz., 0.1-0.15, for acto-
HMM at 0.5, 1.0, 1.5 and 2.0 mg/ml F-actin and
weight ratios of 1 and 2. Subsequently, we lifted
the scattering cell slightly in the cell holder, and
observed large 8 values which varied from 0.5 to
0.7 run by run and from angle to angle at F-actin
concentrations greater than or equal to 1 mg/ml
These B values are comparable with that of about
0.7 for F-actin in that measurement. In the acto-
HMM solution in that preparation, we observed
visible inhomogeneity in the cell; some parts (not
spots, but regions) in the solution scattered light
more strongly than others. Model 1 and /or model
3 with small K*(x?) will account for these occa-
sionally observed small B values. We did not
observe such visible inhomogeneity in both ref. 3
and this study. (Our statement, however, does not
necessarily exclude other sources responsible for
small B values in acto-HMM, since the structure
of acto-HMM is inferred to be strongly dependent
on the steps and conditions of preparation. The
visible inhomogeneity mentioned above might arise
from a local variation in the cross-link density.)

4.3.2. T /K? vs. K’ relationships

Although the motions of filaments slowed down
on formation of rigor complexes, all the scattering
elements were concluded as travelling distances
far longer than 1/K because of large B values.
Fig. 6c-e depicts model situations for an acto-
HMM gel. Decoration with HMMs (fig. 6¢)
decreases the diffusion coefficient of the filament.
If filaments are cross-linked with each other by
HMMs (fig. 6d), especially in a staggered fashion,
the diffusion coefficient decreases greatly. In
addition, when very long filaments are cross-lin-
ked by HMMs to form a network structure through
the scattering cell, ie, gel formation (fig. 6e¢),
motions of not only cross-linked but also of free
filaments in the network are strongly restricted.
All of these sources and perhaps others are
responsible for the decrease in I'/K? at any K?
with weight ratio. Let us define the correlation
function g(7) of an acto-HMM system by

g(T)zifrcegfree(T)+ige1ggel(‘r) (18)
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with iy, + i =1, where gg.(7) conceptually
expresses the correlation function for HMM-de-
corated filaments free from gelation and g,(7)
the correlation function for a gel. Then, gp..(7)
decays to zero at 7= oo with a relatively high
decay rate, although those free filaments undergo
restricted motions in the network. g, () will be
given by g(r) in model 3 or 4. Bending motions of
cross-linked filaments will result in large values of
(xz) and, at the same time, movement of cross-
links over distances greater than 1/K (a temporal
change in shape of the rhombus C,-C,-C;-C; in
fig. 6e, for example). Then, g, (7) decays to prac-
tically zero at = oo, and a large 8 value as well
as a relatively high decay rate can be expected at
high K?. At low K2, however, K*(x?) may not
be large enough to ensure large 8 values. Sponta-
neous creation /annihilation of cross-links (and /or
fragmentation /reannealing of filaments between
cross-links) must be assumed in order to ensure
nonzero D, in eq. 12. This very small D, will also
be responsible for nonreproducibility of profiles at
low 8 values. If these model situations are as-
sumed, then T/K? vs. K? relationships can be
qualitatively explained as follows. Slightly re-
stricted rotational and bending motions of a major
fraction of filaments, which are slightly decorated
with HMMs, are mostly responsible for the in-
crease in I'/K? with K? at a weight ratio of 0.5.
On the other hand, in addition to the slightly
restricted rotational and bending motions of rela-
tively short filaments free from gelation (S in fig.
6e), ‘segmental’ motions of very long filaments
cross-linked by HMMs are responsible for the
increase in I'/K? with K2 at weight ratios of
unity and above. By segmental motion, we mean a
bending motion of a filament either between two
cross-links (e.g., C;-C, in fig. 6¢) or between its
free end and the nearest cross-link (e.g., P-C; in
fig. 6¢). In order for such segmental motions to be
able to contribute to a large excess I'/K? over
that at & = 30°, acto-HMM must be more flexible
than F-actin as we first suggested in ref. 1, be-
cause the segmental motion 1s restricted. There
might be a number of filaments cross-linked in a
staggered fashion, each of which does not neces-
sarily consist of two filaments as depicted in fig.
6d, for example. Such a cross-linked filament will

behave as if it were a single filament with greater
flexibility than the truly single filament of the
same length as that of the cross-linked filament.
The population of these cross-linked filaments will
also contribute to a large excess I'/K? at high 8
values.

The decrease in I'/K? with weight ratios up to
unity corresponds to the decrease in spectral width
in §%(w); the narrowest width was observed at a
weight ratio of unity [1]. Although no measure-
ments were made here at weight ratios above 2,
the previous study showed that T'/K? values at
weight ratios of 4 and 8 were larger than those at
weight ratios of 1 and 2 [3]. This also corresponds
to our observation some time ago that the spectral
width began to increase at weight ratios around 2

(1.

5. Concluding remarks

We would like to stress that for a given cL?, say
30, the cage radius a_ is quite large in long
filaments; for L = 1000 nm, a_ is larger than both
1/K (except for very low # values) and the root-
mean-square amplitude of bending motions, For
instance, not only lengthwise but also sideways
translational and bending motions of long fila-
ments are almost free even at ¢L> = 30. An exam-
ple of this situation will be given elsewhere with
special reference to semidilute suspensions of
monodisperse fd virus [33].

In the case of F-actin with exponential length
distribution, very long filaments behave quite dif-
ferently from the major fraction of filaments. The
coexistence of a small number of very long fila-
ments of length, say SL, with a large number
(cL® = 30) of filaments with L = 1000 nm would
mimic the present results for F-actin solution.
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