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Globular actin (G-actin) polymerizes into a fibrous form (F-actin) under physiological salt conditions. The polymenzatlon
process of muscle actin was studied by a dynamic light-scattering method. The intensity correlation functions G(r) of
scattered light from a G-actin solution containing 2 mM Tris-HCl (pH 8.0) and 0.1 mM ATP were analyzed by a cumulant
expansion method, and the translational diffusion coefficient was determined to be D = (8.07+0.10) <10~ 7em?/s at 20°C.
This » value gave a diameter of 5.3 nm for spherical G-actin including a hydration layer. Polymerization of 1-3 mg/ml
G-actin in a solution containing 10 mM Tris-HCl (pH 8.0), 0.2 mM ATP and 60 mM KCI was followed by successive
measurements of G2(r) for a data accumulation period of 60-300 s/run. The tlme evolution of G2(7) was analyzed by a
least-squares fitting to the field correlation function of a multiexponential form g Lr)y=2,;4; exp(— r)ywith I > 1, > Ty >

., and the static scattering intensity I(¢) = (I} as a function of time ¢ after initiation of polymerization was decomposed as
I(t) = {I)>Z;A,. At the early stage of polymerization, a two-exponential fit gave results indicating that component 1 came
from G-actin and component 2 from F-actin growing linearly with #. At the middle stage of polymerization, a three-exponen-
tial fit gave the results that component 1 came from G-actin and possibly its small oligomers, component 2 from polymers
with a number-average length L, of about 900 nm which was independent of 7, and component 3 from ‘ghosts’ in dynamic
light scattering in a semidilute regime. Component 3 was concluded to arise from restricted motions of polymers with lengths
much longer than L, in cages formed by polymers giving component 2, and a fragmentation-elongation process of F-actin was
suggested to start at the middle stage of polymerization, resulting in the size redistribution of F-actin.

physiological salt concentrations. Based on ob-
servations by electron microscopy, a ‘pearl-and-

G-Actin, one of the muscle proteins, is globular
in shape and about 6 nm in diameter. G-Actin
polymerizes into F-actin (fibrous form) under
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necklace” model is proposed for the ultrastructure
of F-actin. F-Actin is a two-stranded helical poly-
mer. The half pitch of the helix is 36 nm and
within this length there are 13 G-actins. The poly-
merization process of actin has been extensively
studied by various techniques such as viscometry,
flow birefringence, fluorometry, static light scat-
tering, etc. [1,2]. In this paper, the polymerization
process of actin was studied by dynamic light
scattering, aiming both at a comparison of the
present result with previous ones on the one hand,
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and at an application of dynamic light scattering
to a ‘quasistationary’ process on the other. Gen-
eral background information about dynamic light
scattering can be found in standard textbooks
[3.4].

This work was partially presented in pre-
liminary form at the 1983 meetings of the Physical
Society of Japan (March, Abstract no. 29pHJ4)
and the Biophysical Society of Japan (October,
Abstract no. 2B1445).

2. Preliminary consideration of problems
2.1. Actin polymerization

To give rough background information con-
cerning the polymerization process of actin, we
briefly summarize the pioneering theoretical study
on kinetics of actin polymerization by Oosawa
and Kasai [5]. Extensive information about the
polymerization of actin can be found in a mono-
graph [1] and also a recent review article, for
example, ref. 2. In a salt-free solution, actin is in
its monomeric form (G-actin). After addition of
salt to the G-actin solution, polymerization of
G-actin to F-actin commences. The initial process
of polymerization consists of nucleation and elon-
gation. A few (probably 2-3) G-actins, the num-
ber of which is denoted by ¢, form a special shape
(or state) of an aggregate, which acts as a nucleus
of polymerization. Let C; be the number con-
centration of monomers, p be the number con-
centration of nuclei (and hence of polymers;
spontaneous fragmentation of polymers is omitted
here) and k* be the kinetic constant of the for-
ward reaction of the formation of nucleus. Then,
we have

dp/dt=k*C7 (nucleation) (1)

Let C, be the total number concentration of
monomers before initiation of polymerization, C,
be the total number concentration of monomers
incorporated into all polymers present in solution,
Co=C,+ C,, and &k, be the kinetic constant of
the forward reaction of elongation of polymers.
We then have

dC,/dt= —dC,/dt=k_pC, (eclongation) (2)

In both eqgs. 1 and 2, backward reactions were
neglected because we are considering the initial
stage of polymerization. Egs. 1 and 2 can be
solved to give simple forms of solutions, C,(¢) =
C,lsech(at)]*’? and p(z) = p(x) tanh(at), where
sech(z) and tanh(z) are hyperbolic functions, o’
= (1/2)gktk, CF and p(w)’ = 2k1CE/ (k. q), or

Co(2) = Go{1 = [sech( )]} (3)

(L(1)) = LyCy(2)/p(1)
= (L(00)){1 — [sech(ar)]*?} /tanh(ar)
4)

where (L(t)) is the number-average length over
all polymers and L, the subunit length of the
polymer. (There is a typographical error in the
literature: the factor 2 on the right-hand-side of
eq. 48 in ref. 1 and of eq. 21 in ref. 5 should read
2172 Graphic representations of the time evolu-
tion of p(¢), C,(¢) and {L(#)) are given in fig. 1.
Because of the neglect of backward reactions and
fragmentation, the above analysis is applied only
to the initial stage of polymerization. However,
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Fig. 1. Theoretical predictions for the early stage of actin
polymerization based on the kinetic theory of Qosawa and
Kasai [5]. ¢, denotes the number concentration of G-actin
before initiation of polymerization. p{z) and Cy(¢) denote,
respectively, the number concentrations of nuclei and G-actin
incorporated into all actin filaments at time ¢ after initiation of
polymerization. {1.(¢)) = LyCy(¢)/p(?) is the number-average
length of F-actin, L; being the subumit length. ¢=3 was
assumed.
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the above analysis provides us with important
information. (a) At time ¢ when C,(¢)= (,/4,
p(r) already becomes about 80% of p(o0); the
nucleation process finishes at an early stage of
polymerization. Due to this, the length distri-
bution of polymers is of a Poisson type at the
early stage of polymerization. (b) At the initial
stage of polymerization, the average length of
polymers increases linearly with ¢.

In the middle and later stages of polymeriza-
tion, the main processes are of elongation and size
redistribution of F-actin, which result in a final
length distribution of exponential form, exp(— L/

(L))
2.2. Light scattering

The number n(t) of photoelectron pulses in a
digital method is recorded with a sampling time
A7 (in s). Then, we have sampled values of n(r)
such as n(r, At), n(t + Ar, A1),..., n(i + mAr,
A7),..., where n(r + mAr, Ar) is the total counts
of photons of scattered light measured over the
time interval [t + mdr, ¢+ (m + 1)Ar], which is
simply written as n(maAr7). The average counts of
photons per sampling time over a long time 7 is
defined by {(n) =% n(mdr)/N, where N =
T /(Ar) is the total number of samples of n(mar).
The normalized intensity correlation function is
given by g2(r) = (n(O)n(mA1))/({(n)N) =
|g'(r)|*+1, where T=mAr (m=1, 2, ..., M)
and g!(r) is the normalized field correlation func-
tion of scattered light. Measurements of g2(7) by
use of a dedicated computer (or a digital correla-
tor) give us information about the statistical na-
ture of the scattered light field and hence the
statistical behavior of the scatterer with time. From
an experimental point of view, unnormalized forms
of relevant expressions are more suitable. The
total counts of photoelectrons during the time
interval from 0 to T is given by

(I) = N{ny = }.n(mdr) ()

and the unnormalized intensity correlation func-
tion by

G (1) =((Iy*/N)[18'(r) 1> +1] (6)

Let us consider the Brownian motion of large
scatterers (solute molecules) compared with solvent
molecules. The intensity I(¢) at time ¢ of scattered
light from such a system fluctuates, the fluctuation
being characterized by time 7, (the correlation
time of the Brownian motion of the scatterer).
Then, if we want to measure the average intensity
(I of scattered light, for example, with 1% accu-
racy, we need a measuring (averaging) time 7 of
the order of 10*times longer than 5. If such
quantities as sizes and/or size distribution of
scatterers, for example, evolve with time as dis-
cussed in this paper, we have another measure of
time 7, characteristic of the time evolution of the
system (7, =1/« in a particular example given in
egs. 3 and 4). If 7> 7 > 15, the system is said
to be in a stationary state from the viewpoint that
the time evolution of the system is very slow
compared with the measurements of various statis-
tically averaged quantities of scattered light such
as {I) and G%(7). If 7,> 15> 5, the system is
said to be in a quasistationary state from the
viewpoint that it is possible to follow the time
evolution of the system by measuring various stat-
istically averaged quantities of scattered light in
spite of a rather rapid change in the system. If 7
is close to 75 or T, < g, any statistically averaged
quantity is no longer measurable and the system is
said to be in a transient state.

Another problem is as follows. If we set A7 <
74, We can follow the fluctuations in the intensity
of scattered light due to the Brownian motion of
the scatterers. However, if we set Ar too short, the
number of photons n{mAr) becomes so small that
in order to obtain G?(r) with reasonable accu-
racy, we need a measuring time much longer than
te. For example, if 7, =100 ps, we may need
me=1 s. If the intensity of scattered light is 10*
counts/s, we have the average intensity (the total
counts) (1) = N{n) = 10* counts for 7y =15, and
hence the statistical accuracy in (I} is
(10172104 =1%. In this particular example, if
we set Ar=35 ps, (n) is only 5X 10~ ? counts.
Then, we have G%(o0) ={I)?/N = {n)*N = 500.
The measurement of G2(1) for ;=1 s results in
only 4.5% statistical accuracy.. To attain 1% accu-
racy in G2(7), 7z = 20 s will be required. Namely,
as far as 7, > 7 high accuracy in G2(r) will be
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obtained by simply lengthening 75, but when 7,
approaches 7 the situation is not so simple.

The remainder of this paper describes the study
on the polymerization process of actin as an ex-
ample of the applications of the dynamic light-
scattering technique to the study of quasista-
tionary processes. Some previous examples of this
kind of application to biological and related sub-
jects have been reviewed by Cummins [6].

3. Materials and methods
3.1. Materials

G-Actin from rabbit back and leg muscle was
prepared and purified by standard methods: dry
muscle was prepared by almost the same method
as that of Straub [7], except that the regulatory
proteins were removed before acetone treatment
of myosin-extracted minced muscle [8]. G-Actin
was purified according to the method of Spudich
and Watt [9] with slight modifications. In the final
step of purification, F-actin was dialyzed for 72 h
against 2 mM Tris-HCl and 0.1 mM ATP at pH
8.0 (preparation a), and against 2 mM Tris-HCJ,
01 mM ATP and 0.2 mM CaCl, at pH 8.0
(preparation b). Prehminary examunations of the
G-F transformation were made each day for both
preparations of G-actin by use of an Ostwald
viscometer. For each preparation, the time course
of the increase in viscosity at 20°C after initiation
of polymerization by 60 mM KCl was the same
within experimental errors up to at least 3 days. 4
days after dialysis, a small decrease in the rate of
polymerization was observed in preparation a but
not in b. The saturation value of the solution
viscosity was the same for both preparations of
G-actin 4 days after dialysis, suggesting no appre-
ciable degradation in polymerizability of metal-
free G-actin. G-Actin was less stable and the rate
of polymerization was faster in preparation a than
in b. In the following experiments, therefore, we
used G-actin in preparation a stored on ice, and
measurements were made within 3 days in the
presence and absence of added CaCl,. No mea-
surements were made in the presence of MgCl,.

A solution of an appropriate concentration of

G-actin in a suitable amount of Tris-HCI buffer
{pH 8.0) and ATP was filtered by a membrane
filter with pore size 25 nm (Nippon Millipore,
Tokyo) directly into a 10 mm outer diameter
cylindrical scattering cell, which had been thor-
oughly rinsed with the filtered buffer solution. The
G-actin solution in the scattering cell was then
centrifuged at 4°C and at 20000 X g for more
than 12 h. This centrifugation was essential in
obtaining reliable correlation functions for G-
actin. After several measurements for G-actin,
polymerization of actin in the cell was initiated by
adding a drop of 0.5 M KCl solution from an
injection needle attached to a filter device and
carefully tilting the cell several times to allow the
solution to flow in the cell for rapid mixing, which
resulted in a final salt concentration of (60 + 2)
mM KCI with virtually no dilution of other com-
ponents. This procedure gave a reproducible time
course of the change in the static scattering inten-
sity run by run, and mixing was concluded to be
quite satisfactory. The time ¢ after initiation of
polymerization counted not from the moment of
the addition of a drop of the salt solution but
from the moment of last tilting of the celi, so that
there was ambiguity in the zero point of ¢ by
about 10 s. At ¢ = 2 min, measurements of correla-
tion functions started. For each preparation of
G-actin from acetone powder, we usually made
two runs of dynamic light-scattering measure-
ments for a given experimental condition, just
after and 1 or 2 days after the final dialysis. There
was no appreciable difference in the results in
these two runs.

3.2. Dynamic light scattering

Dynamic light-scattering measurements were
carried out by using a conventional apparatus
described elsewhere [10]. The intensity autocorre-
lation function G*(r) can be written as (cf. eq. 6)

G (1) =B[B|g'(7)|*+1] (7

where = mAr (m, channel number; Ar, channel
width or sampling time of the digital correlator),
B is the baseline level (B'/? is proportional to the
static scattering intensity (I, see eq. 6) and B8 a
machine constant. For a globular scatterer, g'(7)
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has a simple form of g'(7)=-exp(~I7), where
I'=DK? D being the translational diffusion
coefficient of the scatterer and K the length of the
scattering vector. Generally speaking, however, the
actual g!(r) is not completely singly exponential.
Then, a cumulant expansion is applied [11};

g (7) =exp(~Tr)[1+ (p,/20) 72 = (1,/31) 7]
(8)

where T is the average decay rate or the first
cumulant of, and g, the i-th cumulant of g'(z). In
some cases, as in our case described below, a
multiexponential fit is useful;

g'(r) = L4, exp(~I) ©)

where ¥, 4,=1.0 and I} >I,>1,> .... An al-
gorithm for a least-squares multiexponential fit is
described in appendix Al.

To follow the polymerization process of actin,
GZ2(7) was successively measured after initiation
of polymerization. The data accumulation period
(1g) was 60-300 s/run and between two succes-
sive runs there was a dead time of 3 s for data
processing.

4. Results
4.1. Characterization of G-actin

We first measured G2(r) at 5°C for a 3.3
mg,/ml G-actin solution in 2 mM Tris-HC1 (pH
8.0) and 0.1 mM ATP. The result of the cumulant
analysis is depicted in fig. 2, which gave D = (8.07
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Fig. 2. The D vs. K? relationship for a 3.3 mg/ml G-actin
solution in 2 mM Tris-HCI (pH 8.0) and 0.1 mM ATP at 5°C.
Five to ten data were averaged for each K value. From the D
value at 3°C we obtained D = (8.07+010)x1077 cm’/s at
20°C after T/n correction, T being the absolute temperature
and 7 the solvent viscosity.

+0.10)x 1077 cm’/s at 20°C. The values of
p,/I* were 0.05-0.1 except for the lowest K*
where a slight contribution from dusts was ob-
served. Neither the measurement of the concentra-
tion dependence of D nor correction as in ref. 12
was made. This D value is very close to D% =
(7.92 £ 0.07) X 1077 cm?/s (extrapolated to in-
finite dilution) and about 8.15 X 1077 em’/s (at
3.3 mg/ml G-actin) [12,13] but distinctly larger
than DV =(7.15 4+ 0.35) X 10~ 7 em?/s (an aver-
age for 0.4, 0.8 and 1.6 mg/ml G-actin) [14]. All
of these D values, however, are consistent with
the size of the monomeric form of actin; if a
spherical form is assumed, our D value gives 5.3
nm for the diameter of G-actin including a hydra-
tion layer. This result confirmed that G-actin in
our preparation was indeed in its monomeric form.

4.2. Polymerization of actin under various conditions

We now consider the polymerization process of
actin under various conditions. Fig. 3 depicts the
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Fig. 3. Some examples of the static scattering intemsities vs.
time ¢ after initiation of polymerization of actin at various
conditions. The scattering intensity is plotted on an arbitrary
scale. Conditions were 60 mM KCl, 0.2 mM ATP, 10 mM
Tris-HC1 (pH 8.0) plus those below. (a) 1.0 mg/ml actin at
20°C and at 0 mM (1) and 0.2 mM (2) CaCl,; (b) 2.0 mg/ml
actin at 0.2 mM CaCl, and at 20°C (1) and 10°C (2); and (¢)
3.0 (1), 2.0 (2) and 1.0 (3) mg/ml actin at 10°C and 0.2 mM
Ca(Cl,.
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Fig. 4. Some examples showing the time evolution of the net corrclation function |g'(r)|? after initiation of polymerization.
Conditions were 60 mM KCl, 0.2 mM ATP, 0.2 mM CaCl,, 10 mM Tris-HC1 (pH 8.0) and 2.0 mg/ml actin at 10°C. Scattering
angle, 90°; Ar =20 ps; data accumulation period 100 s/run. The ¢ (time) axis is roughly linear between 0 and 2 h. Only even

channels are displayed from the 14th to the last channels.

time courses of changes in the static scattering
intensities (B2 in eq. 7 on an arbitrary scale)
after initiation of polymerization. As shown later,
the increase in the static scattering intensity re-
flects the progression of polymerization. Then, the
results in fig. 3 show that: (a) when all conditions
other than temperature are fixed, the lower the
temperature, the lower is the rate of polymeriza-
tion; (b) when all conditions other than the con-
centration of actin are fixed, the lower the actin
concentration, the lower is the rate of polymeriza-
tion; (c) under any condition we studied, addition
of CaCl, (final 0.2 mM) with KCl lowered the
rate of polymerization.

Fig. 4 depicts the time courses of changes in the
net correlation functions | g'(r)|? after initiation
of polymerization. Changes in the initial fast de-
cay and the evolution of a long tail in the correla-
tion function are clearly visible. Proper analysis of
the time evolution of the net correlation function
will provide information about the time evolution
of the sizes and the fractions of different species
in the scattering cell.

4.3. Initial stage of polymerization of actin

We measured G*(r) at 5°C in order to ex-
amine the very early stage of polymerization. At
low temperature, the Brownian motion also slowed
down, so that 75 increased. This allowed us to set
a longer value of Ar and hence to attain a larger
value of ¢(n) for a given counting rate (a given
actin concentration) than those at a high tempera-
ture. However, {n) was so small at the very early
stage of polymerization that the statistical accu-
racy in G2(7) for the data accumulation period of
60 s was not very high as seen in fig. 5. (A slightly
lower concentration of ATP in this run may not
be serious in the study of the initial stage of
polymerization.) G2(r) values were analyzed by a
two-exponential fit, and the results are shown in
figs. 5 and 6. The static scattering intensity I(z) =
(I') at time ¢ after initiation of polymerization
can be decomposed as

I(r) =Lt} + I,(1) (10)

where I,(t) = (I }A, denotes the contribution from
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(o] Channel Number

128

Fig. 5. Some examples of the net correlation functions | 27| 2
showing the quality ol measured correlation functions and the
degree of fitting in the two-exponential analysis, Conditions
were 60 mM KCl, 75 uM ATP, 11 mM Tris-HCI (pH 8.0) and
1.7 mg/ml actin at 5°C. Scattering angle, 60°; Ar=2 ps;
data accumulation period, 60 s/run. Those after the 128th
channel are some of 16 extra channels starting from 7 = 512 Ar.
At t=2 min (a), 15 min (b) and 30 min (c).

G-actin and L(1)=({I)A, from polymers (F-
actin). I(z) increased with ¢ after a lag phase
corresponding to the nucleation process, I,(r)
stayed constant and 7,(¢) increased after an initial
lag period. Correspondingly to these changes in
intensities, D =1)/K? stayed virtually constant
and D, =TI,/K 2 decreased. The average value of
D=8x%10""7 cm?/s is close to the D value of
G-actin given in section 4.1. If we simply assume
that D, is the average translational diffusion coef-
ficient of polymers, we obtain the length change
L,(t) of polymers as shown by open circles in fig.

259

6, where for conversion of D, to L,(r) use was
made of Broersma’s formula for the translational
diffusion coefficient [15). The two-exponential fit
became poor for > 90 min because of the ap-
pearance of a very long tail in G2(7).

4.4. Middie and later stages of polymerization

We measured G3(7) at 10°C, at a slightly
higher rate of polymerization than that in section
4.3. In fig. 7 are shown some of the net correlation
functions | g!(7)| 2. In this case, the two-exponen-
tial fit was very poor even for the first G3(r)
because of a very long tail in G?(r) like that at the
later stage in section 4.3. Then, a three-exponen-
tial fit was applied, the results being shown in figs.
7 and 8. Fig. 8a shows the time evolution of 4,
(i=1, 2 and 3). It should be noted that soon after
the initiation of polymerization the ratio 4, : A,:
A, became almost unity, and for ¢z 90 min the
ratio became constant. The static scattering in-
tensity /(z) was again decomposed as

1() = 1,(1) + L(1) + (1) (11)

where I,(¢) and I,(¢) have the same meanings as
those in eq. 10 and I;(t)= (I)A, denotes the
contribution from ‘fictitious’ polymers (see section
5). The rate of polymerization at 10°C was too
high to observe an initial lag phase in I(¢), and
I(¢) increased momnotonically. 7,(t) stayed con-
stant as in section 4.3, I,(t) increased slightly and
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Fig. 6. Results of the two-exponential analysis of the net correlation functions |g'(7)|? after initiation of polymerization.
Experimental conditions were the same as those in fig. 5. (a) Static scattering intensities vs. time ¢ after initiation of polymerization
(for definitions of 7, I; and I, see text); (b) D vs. +. D=11/K 2 in units of 10”7 em?/s at 20° C after T/n correction; and (¢) D,
(® and L, (O)vs. t. D =TI, /K? in units of 1077 cm?/s at 20°C after 7/% correction, and L, from D, by use of Broersma’s

formula for the translational diffusion coefficient (see text).
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I,(¢) increased greatly. Component 1 is considered
to arise mainly from monomeric G-actin in the
sample. However, the diffusion coefficient D from
/K? of the first observed point (f=2 min),
D=39%x10""em?/sat 10°Cor 5.3 X 10~ 7cm?/s
at 20°C, is much smaller than the D value of
G-actin obtained in section 4.1 and the D value
from I'/K? obtained in section 4.3. This dif-
ference came partly from the possible coexistence
of small oligomers of G-actin (e.g, D/D%®"=
0.725 for dimer, 0.621 for triangular trimer, 0.586
for colinear trimer, etc. [16]), but mainly from the
longer sampling time A7 (set to be 20 us to
observe long-time behavior of G2(r) at the middle
and later stages of polymerization) compared with
those in other measurements, resulting in loss of
the fast decay component to a great extent. On the
other hand, the gradual decrease in D values with
time from the first observed point can be interpre-
ted to be due to a slight contribution to I from
F-actin with very short lengths which appeared as
a result of the size redistribution of F-actin with
time (and possibly from oligomers of G-actin
which might appear with time). This interpreta-
tion is also consistent with the observation that
I, (1) stayed constant for a long time, up to 5 h at
least, in spite of the decrease in concentration of
monomeric G-actin with time. (For the size re-
distribution of F-actin and the concentration of

™~
C
o
a = °“ 2o ui006%0 8, g0 a0, o oY% o°, o
o Cod ) ] - m ‘*-ﬂ—
o Channel Number 128

Fig. 7. Some examples of the net correlation functions | g'(7)|?
showing the quality of measured corrclation functions and the
degree of fitting in the three-exponential analysis. Conditions
were 60 mM KCl, 0.2 mM ATP, 0.2 mM CaCl,, 10 mM
Tris-HCl (pH 8.0) and 2.0 mg/ml actin at 10°C. Scattering
angle, 90%; Ar =20 us; data accumulation period, 100 s/run.
At ¢ =72 min (a), 18 min (b) and 120 min (¢).

monomeric G-actin at the middle and later stages,
see section 35.)

Therefore, component 1 should be regarded as
the contribution from actin monomers (and possi-
bly from small oligomers and very short pieces of
F-actin). If we again assume D, =I,/K?, we ob-
tain L,(¢) ~ 400 nm for ¢ = 15 min. At ¢z ~ 20 min
A, began to increase. If we tentatively assume
D, =TI,/K?, the translational diffusion coefficient
of the fictitious polymers, we obtain L,(¢) ~ 2.5
pm at £ ~ 20 min and longer than S pm at + ~ 5 h.
Although L.(¢) seems to show saturation at ¢ >3
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Fig. 8. Results of the three-exponential analysis of the net
correlation functions |g'(7)|? after initiation of polymeriza-
tion. Experimental conditions were the same as those in fig. 7.
(a) Amplitudes A4, vs. time ¢ after initiation of polymerization;
(b) static scattering intensities vs. ¢ (for definitions of 7, 1, I,
and I3, see text); and (¢) D, L, and Ly vs. 2. D=1, /K% in
units of 1077 em?/s at 10°C. L, and L, from D, =T, /K?
and D, =T, /K?, respectively, by use of Broersma’s formula
for the translational diffusion coefficient (see text).
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h, this is due to the fact that the sampling time Ar
was kept constant (20 us) throughout this mea-
surement. If we lengthened the sampling time with
progression of polymerization, L,(¢) would show
a more or less increasing behavior with time be-
yvond =3 h.

From the experimental point of view, a good
fitting of the experimental spectrum to the
three-exponential function is not due simply to an
increased number of unknowns to be determined
but to necessity arising from the structure of the
spectrum; if fitting were accidental, both 4, and
I for i=1, 2 and 3 might not evolve so smoothly
and systematically with time as those in fig. 8. The
distribution of I, in approx. 100:10:1 was in-
deed fortunate in the fitting. The physical ration-
ale of the application of a three-exponential fit to
a two-component system of monomers and poly-
mers will be given at the end of section 5.

Many measurements of G2(r) similar to those
in sections 4.3 and 4.4 were made under slightly
different polymerization conditions run by run.
They all gave essentially similar results to those in
figs. 6 and 8.

5. Discussion
5.1. G-Actin

Our D value for G-actin is very close to those
from dynamic light scattering [12,13] but dis-
tinctly larger than that from fluorescence photo-
bleaching recovery [14]. However, all of these val-
ues are consistent with the dimensions of mono-
meric G-actin irrespective of whether G-actin is a
sphere or a prolate ellipsoid. We shall no longer
discuss the D value of G-actin, since our study
did not concentrate on this problem and because a
good account of the description of this has been
given [12-14].

5.2. Static scattering intensity

For a system where G-actin and F-actin coexist,
the static scattering intensity (i) can be written
as a sum of two components; {(I)={I)s+ (I)g
where (1) is the contribution from G-actin and

{Iyp from F-actin. Let N(L) be the length distri-
bution function of F-actin (the number of fila-
ments with length in the range L to L +dL) and
P(KL) be the scattering function for a thin rod
with length L. For KL > 1 (or L 240 nm for a
488 nm beam from an Ar™ laser at a scattering
angle of 90°), we have P(KL)~(KL)™! and
L?>N(LYP(KL) ~ LN(L} /K. Then, the average
intensity () is given by [17]

<I>F = KoptCh (12)

where K is a proportionality constant (appen-
dix A2). Except for the very early stage of poly-
merization, we can expect {I)>; < (I}, so that
I(t) = {I) is approximately proportional to C,(¢),
the total number-concentration of G-actin incor-
porated into all F-actins present at time ¢ after
initiation of polymerization. Then, the results in
fig. 3 show the time course of the polymerization
process of G-actin to F-actin. However, the infor-
mation on actin polymerization provided by static
light scattering is not more extensive than that
obtained previously by simple viscometry (see, for
example, ref. 1). On the other hand, the dynamic
light-scattering technique is powerful if we can
extract information about sizes and fractions of
various species in the scattering cell from the time
evolution of the net correlation function as shown
in fig. 4.

5.3. The initial stage of polymerization

Experimental spectra obtained at the early stage
of polymerization were decomposed into two com-
ponents as shown in fig. 6. In this case, we can
assume that I,{¢) = {I(t))g and L(t)=<{I()¢
in eq. 12, because the D value from I’ /K ? gives a
fairly good agreement with that of a monomeric
actin. In spite of rather large scatter in experimen-
tal results, the behaviors of 7,(¢) and L,(¢) in fig.
6 are consistent with the theoretical predictions
shown in fig. 1; I,(¢) & C,(¢) shows an initial lag
period, and the average length L,(¢) estimated
from D,=T,/K? increases roughly linearly with
t. Offsetting in [1,(t) at the very early stage of
polymerization could be attributed to artifacts in
the forced two-exponential fit to net correlation
functions without high statistical accuracy, be-
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cause D /D was only 1,/2-1 /3 for the first few
points. It should be noted, however, that D values
stayed virtually constant even after the lag period;
this is a verification of the reasonableness of the
two-exponential analysis. Lanni and Ware [14]
also observed a high-mobility component with
D =(72-7.5)x10""cm®/s for KCl- and MgCl,-
induced polymerization and for the supernatant of
a solution of actin polymerized by KCL

Here, we have to examine the meaning of the
rod length estimated from light scattering. The
translational diffusion coefficient obtained by dy-
namic light scattering is the so-called z-average
one, {D),. Since the translational diffusion coeffi-
cient as a function of the rod length L and rod
diameter d is given by D(L)= (C/L)In(2L/d)
—(,73] except for minor correction terms [15]
where C is a constant, (D), can approximately be
given by
(D), =(C/{L)[(2L/d))y ~ 0.73] ~ D({L))

(13)

where {In(2L/d)y ~ m(2(L}/d) was assumed
(see appendix A2 for a more exact form) and use
was made of the approximation P(KL)~ (KL)™}
for KL 21 as before. The polymer length L,(¢)
from I,/K? at high angles gives a rough estimate
of (L), the number-average length (see appendix
A2).

5.4. Middle and later stages of polymerization

We now discuss the results shown in fig. 8, The
polymer length L,(¢) was constant (about 400
am) for r>15 min. This value was estimated
under the assumption that I, was contributed
from only translational diffusion of the rigid rod.
However, we have to take account of the contribu-
tion to I, from rotational diffusion of the rigid
rod as well. According to our theory for a rigid
rod with length L, the first cumulant I is given by
[18]

r/K? =D, + (L2/12)8f1(k)
+(Dy = D)[ f2(k) - 1/3] (14)
where D, = (2D, + D;)/3 is the overall transla-

tional diffusion coefficient, D, and D, are, re-
spectively, the translational diffusion coefficients

perpendicular to and parallel with the rod axis, ®
the end-over-end rotational diffusion coefficient,
and f,(k) and £, (k) functions depending only on
k= KL/2. In eq. 14, the second term indicates the
contribution from rotational diffusion and the
third term from anisotropy in translational diffu-
sion. For L =400 nm and K=242x10° cm™!
(scattering angle of 90°), we have k=KL/2=
484, f,(k)=0.66 and f,(k)—1/3= —0.26 [18].
On the other hand, Broersma’s formulas [15,19]
give Dy =429 and (D, —D,})=190 in units of
107 ¥ cm’/s and @ =192 57! at 20°C and d=8§
nm (diameter of F-actin). Then, we have (1?/12)
X Of(k)=1.69 and (D, = D)l f(k)~1/3]=
—0.49 both in units of 10~% cm?/s, and the sum
of the second and third terms in eq. 14 amounts to
1.20 X 1078 cm?/s. To estimate the average length
of F-actin from the D (D,) value, we have to
subtract 1.20 X 10~ % ¢m?/s from I,/K?, which
results in the new L value of 560 nm. For L = 560
nm, we reevaluate eq. 14 and obtain I'/K 2 = (3.34
+1.49 - 0.45) x 10" ¥ e’ /5 = 4.38 X 10~ % cm? /s,
which should be compared with D, =429 x 10~%
cm’/s given just above for L =400 nm. For a
semiflexible and long rod such as F-actin, we have
then to take into account the effect of flexibility of
the rod on the transport coefficients D, (i=0, 1
and 3) and @. For example, we have D, (semiflexi-
ble) = 3.57 x 10 8 em?/s and D, (rigid rod) = 3.34
*x 1078 em?/s for L =560 nm and y =02 pm !
(flexibility parameter, see appendix A3). From
Dy (semiflexible) = 3.3¢ X 10~% cm?/s (rigid-rod
valie for L =560 nm) we have L =600 nm. In
addition to these, we have to take account of the
contribution to I'/K? (or I,/K?) from the flex-
ion motion of the semiflexible rod. As detailed in
appendix A3, L,(t)=400 nm estimated from
I,/K? should read L,(z)= 900 nm, namely, the
expected number-average length of F-actin at ¢ 2
15 min is about 900 nm. Since component 1 in the
three-exponential fit can be identified as being the
contribution from actin monomers, we can put
{I)g=1,(t) and {I)p=1,(¢) + L{(1). The inten-
sity /(20 min) at r = 20 min was about one-fifth of
I1(24 h), the intensity at #=24 h when all the
polymerization processes were considered to finish.
Then, we can expect (7(20 min))p/{1(24 h)) ~
1/5. (It should be noted that at r =20 min C, /C,
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=1/5 and hence the nucleation process almost
finished, p(z)/p(co) ~ 0.8.) From eq. 12, the con-
centration of F-actin (or the total concentration of
G-actin incorporated into all polymers) is esti-
mated to be about 0.4 mg/ml, because the initial
G-actin concentration in this case was 2.0 mg/ml.
A length of L =900 nm and a concentration of
polymers of C, = 0.4 mg/ml give pL* ~ 10, a con-
dition just entering a semidilute region, where p
denotes the number concentration of polymers as
before. In such a situation as pL3 > 1 (semidilute
regime), G2( 1) exhibits a very long tail [10]. The
long tail arises from a restricted motion of long
filaments 1 a semidilute solution and not from
fictitious polymers (for some comments, see be-
low). The onset of the increase in I;(7) coincides
with the onset of a semidilute regime. Then, the
increases in I,(¢) and L,;(r) with ¢ correspond to
the increasing contribution to the dynamic light-
scattering spectrum from the restricted motion.
The increase in pL3 with ¢ will occur if the
average length (L(7)) increases with ¢ keeping
p(z) constant as depicted in fig. 1. This interpreta-
tion, however, is in contradiction to the fact that
L,(2) stayed constant, and furthermore, pL?® in-
creases too rapidly. Another possible and simple
interpretation - is provided by assuming sponta-
neous fragmentation of F-actin. In this case, p
increases on fragmentation and association of G-
actin to fragmented F-actin recovers the length,
resulting in a gradual increase in p(r), keeping the
average length over all filaments constant. This
process is possible: from {(I(90 min))./{1(24
h)»g ~ 1/2, we can estimate a monomeric G-actin
concentration of 1 mg/ml at 7=90 min. Since
each F-actin with length 900 nm has 360 incorpo-
rated G-actins, the monomer concentration C,(¢)
in the solution is 360-times higher than the polymer
concentration p(7) at ¢ = 90 min. This fragmenta-
tion-elongation process is also expected to be a
major mechanism of size redistribution of F-actin
from a Poisson-type distribution to the final ex-
ponential-type distribution (see section 5.5 below).

Our interpretation given above is quite con-
sistent with the following observation [20]. Under
a condition that 18 hours were required for the
full process of polymerization of actin, electron
microscopic observations showed that the length

distribution was Poissonian for ¢ <5 min and
exponential for # = 20 min. C,(¢) was about 10%
of the initial G-actin concentration at ¢ = 20 min
and about 80% at t =3 hours. The number-aver-
age length was constant (about 880 nm) for r > 20
min.

5.5. Some remarks

5.5.1. Fragmentation

We introduced the fragmentation-elongation
process to understand the time-evolution behavior
of the net correlation function. The importance of
this process in actin polymerization (which was
briefly discussed in ref. 1 but not included in the
original Oosawa-Kasai theory [5]) was explicitly
discussed by Wegner [21] and Wegner and Savko
[22]. Several papers then appeared, including one
for Ca-actin in the K*-induced polymerization
23] and another for Mg-aciin in the Mg?*-in-
duced polymerization [24].

3.5.2. Size redistribution

Tail-to-head association (or reannealing [24]) of
(fragmented) actin filaments would result in size
redistribution as well, but this process is most
unlikely compared with the fragmentation-elonga-
tion process not only because of the concentration
relationship C, > p in the middle stage of poly-
merization but also because of the low probability
of a tail-to-head collision of two filaments in the
proper coordination for reannealing compared
with the probability of a collision of G-actin with
the growing end of (fragmented) F-actin [25]. In-
deed, under controlled fragmentation by sonica-
tion, this tail-to-head association was suggested
not to be dominant {26]. At the latest stage of
polymerization where the concentration C; be-
comes very low, however, the fragmentation-elon-
gation process with the backward reaction would
work at the cost of a very long time (in a random-
walk way [26]) to attain the truly equilibrium
length distribution of F-actin as first suggested in
ref. 27.

If we can measure the intensity correlation
function in the delay time of not equal but vari-
ously arranged spacing, we can obtain information
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about the fast and very slow decay components at
the same time even with a limited number of
channels of the correlator. By using such corre-
lation functions, we can, in principle, analyze the
time evolution of the size distribution and possibly
the size redistribution of the scatterers in the
sample. The present result suggests the feasibility
of such studies, although there are many problems
to be overcome; technical problems include low
{n) values at the initial stage of polymerization
and theoretical problems include effects of the
flexibility and restricted motion of filaments on
the spectrum at theé middle and later stages of
polymerization.

5.5.3. Fictitious polymers

We again discuss fictitious polymers whose
length L,(z) was estimated from D, =I,/K?
From fig. 8, we observe L,(5 h)=35 pm. This
length, if this is the true one, should be the num-
ber-average length as eq. 13 shows. If we take
account of the effects on I, of rotational and
bending motions of such a long filament, as dis-
cussed above for T, the reestimated length would
be longer than 15 pum in the number-average
length. According to electron-microscopic ob-
servations, the longest filament in various prepara-
tions always shows a length greater than 5 pm, but
the number-average length over all observed fila-
ments never exceeds 2 pm under the usual poly-
merization conditions as in the present one, and
especially for an initial actin concentration of 2
mg,/ml as in our case, the number-average length
was 880 nm and the longest one in the exponential
distribution was 6.7 pm as late as ¢ = 3 days [20].
The fictitious polymer is not a real entity under-
going free Brownian motion, and it should be
regarded as a dynamic light-scattering ‘ghost’ due
to the restricted motion of filaments in a semidi-
lute solution as mentioned above. What kind of a
restricted motion is expected? In the case of
monodisperse filaments such as bacteriophage fd,
the very slow component(s) indeed appears in a
semidilute regime, but its fraction is not large even
at pL? =75 (see fig. 8 in ref. 28). For a semidilute
solution of very long filaments with uniform
length, the diameter of the cage which confines
the motion of filaments is comparable to or larger

than 1/K except for small K. Such a situation is
quite different from the situation assumed in the
model of Doi-Edwards [29], for example. In the
case of polydisperse F-actin, on the other hand,
the very slow component(s) appears with a large
fraction even at pL®~ 10 and at K?=0.9 x 101°
cm~? (or a scattering angle of 32°) [10]. Our
observation over a range of scattering angles from
30 to 130° suggests that such a very slow compo-
nent(s) in the spectrum from in vitro reconstituted
F-actin is due to a reptile motion of very long
filaments, which form the far tail of an exponen-
tial length distribution, in the cages formed by
filaments with lengths around the number-average
length (L) (Fujime et al., unpublished results).
Although the number of such very long filaments
is small, their contribution to the spectrum may be
large as inferred from our simulation of (D), in
appendix A2. Increasing of component 3 is con-
cluded to be due to an increase in the number of
filaments much longer than the average length,
which comes from the size redistribution of F-actin
from a Poisson type to an exponential type through
the fragmentation-elongation process. The major
fraction of filaments would undergo almost free
Brownian motion even for p(L)>>10 as does
monodisperse fd.

5.5.4. Three-exponential fit

During the polymerization process of actin, the
scatterers are classified roughly into two species,
monomers (and possibly its small oligomers) and
polymers (with a broad length distribution). Thus,
it is quite natural to adopt the two-exponential fit
of the field correlation function. Why the three-ex-
ponential fit in the middle and later stages of
polymerization? We first tried to fit the experi-
mental function to a two-exponential decay, Then,
we observed not only a very poor fitting but also a
long length L,(r), which was nearly equal to the
length L, from I, =(A4,I + A;I})/(A,+ A4;) in
the three-exponential fit. Such a long length of
polymers was hard to accept on the basis of
electron microscopic observations [20] and of an
estimated value of pZ® == 1. Although species in
the scattering cell are monomers and polymers,
there are three components in the scattering spec-
trum: those due to free Brownian motion of
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monomers, almost free Brownian motion of
polymers with a number-average length of 900 nm
and restricted motion of very long polymers men-
tioned above. Our previous study using F-actin
with the final length distribution (z>3 days)
showed that the transition from the dilute to
semidilute regime occurred at about 0.3 mg,/ml
F-actin [10]. It is thus very likely that the onset of
the semidilute region appeared at ¢~ 80 min in
fig. 6 and at ¢ ~ 20 min in fig. 8.

If we tentatively assume that component 3 arises
from freely moving scatterers, our result is quite
compatible with the result of Lanni and Ware [14]
by fluorescence photobleaching recovery. They
obtained a length of low-mobility species longer
than 10 pm in the same way as we have done for
obtaining L, from D,. However, we do not be-
lieve that the very slowly decaying component in
the dynamic light-scattering spectrum from F-actin
was due to free motions of such long filaments.
Because the mechanism producing the spectrum
and the preparation of G-actin in our study are
different from those in [14], our conclusion does
not necessarily deny their interpretation about
low-mobility species.

6. Conclusions

By the dynamic light-scattering technique, we
obtained: (1) The translational diffusion coeffi-
cient of G-actin is (8.07 £ 0.10) X 10~ 7 em?/s at
20°C. This value is consistent with the dimensions
of monomeric G-actin. (2) During the polymeriza-
tion of actin, the fast component of the intensity
correlation functions always comes from G-actin
(and possibly its small oligomers), the slow com-
ponent arising from growing F-actin whose num-
ber-average length increased linearly with time at
the early stage of, and stayed constant at the
middle and later stages of polymerization. (3) The
slowest component appearing in the middle and
later stages of polymerization is concluded to come
from the restricted motion of very long F-actin in
a semidilute regime. (4) From the growing process
of the last component, we deduce that the frag-
mentation-clongation process starts to occur as
early as the middle stage when {I(#))g/{({(o0))E

~1/5, which results in the size redistribution of
F-actin. (5) The z-average diffusion coefficient
(D}, is given by an ‘adapted’ Broersma formula,
D(L, a) in eq. A6, with L=1IL, for KL=10 and
L=1I, for KL21, where a depends on the
polydispersity parameter ». (6) Dynamic light
scattering can be applied to the study of quasista-
tionary processes without any labeling as in fluo-
rescence methods, when the time evolution of the
system in question is moderately slow. Although
the present study is not sufficiently complete for
the analysis of the polymerization process of actin,
it does demonstrate the feasibility of this kind of
study.

Appendix
Al. Multiexponential analysis

We briefly describe our algorithm of a multiex-
ponential analysis. For a two-exponential analysis,
an integration method [30] was adopted to obtain
approximate values of I and A4; for i=1 and 2.
Next, these values were refined by a linearized
iteration method, ie., (d4;+ 64,)exp[— (I;
+8I)7] ~ Apexp(—I,7)+exp(—I;7)d4,— 14,
X exp(—TI;7)8I,. For a three-exponential analysis,
the results of the integration method were used as
the initial values of T, and A, for i =2 and 3, and
I =25x%10° s71 (for the case in fig. 8) and
A, = 0 were arbitrarily assumed. These values were
refined by a linearized iteration method where I3
was fixed. The results of this five-parameter itera-
tion method were further refined by a six-parame-
ter linearized iteration method. Four to five cycles
of iteration were enough to satisfy the conver-
gence conditions |8X,|/( X, + 8X;) <0.001 for X,
=A, and I, with i=1, 2 and 3.

A2. On the translational diffusion coefficient aver-
aged over length distribution

Here, we discuss (D), defined by eq. Al
quantitatively.

(DY, = [D(L)L*N(L)P(KL)dL/

[L*N(L)P(KL)IL (A1)
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For simplicity, wé assume the Schulz-Zimm distri-
bution function [31];

N(L)dL=N,z" exp[—(v+1)z] dz

(:=L/L,) (A2)
where N, is the normalization constant, » the
distribution parameter and L, the number-aver-
age length (= (L) in the text). This distribution
gives the exponential distribution for »=0; the

larger the » value, the sharper the distribution.
Eq. A2 gives the weight-average length L, as

L,— [L*N(L) dL/fLN(L) dL

=[(r+2)/(»+ 1)L, (A3)

To evaluate eq. Al with A2 and D(L)=
(kgT/3mqL)In(2L/d) — 0.73], we use the follow-
ing formulas for any » with a positive real part
[32]:

I'(v)= fe"zz"‘1 dz (gamma function)
() =dT(»)/dv = [ 7721 In(z) dz
vy )=I"(»)/T(r)=2(/n) =y

n
(di-gamma function)
where the integration range is [0, co], n in the

summation runs from 1 to (v = 1) and v is Euler’s
constant (= 0.57721...).

A2.1. In the limit of K= 0
In this limit, we have P(KL)=1 and
(D)2 =Dy(L,)=(kgT/3mnL,)
X [ln(ZaLn/d) —0.73] (A4)
with
In(a)=y(r+2)—In(r+1)

where the superscript o denotes a quantity at
K =0 and use was made of an identity relation
InRQL/dy=1n(L/L.))+In2L /d). The numeri-
cal values of « are 1.53 (»=0), 1.13 (»=3) and
1.05 (» = 10), for example; al < L.

A2.2. For KL > 1
In this range of KL values, we have P(KL) ~

(KL) ! and
<D>z = Dn(Ln) = (kBT/37rT'Ln)

x [In(2e’L,/d) — 0.73] (AS)
with

In{e’)=y¢(r+1)—In{r+1)

The numerical values of o’ are 0.56 (v =0), 0.88
(v = 3) and 0.95; (v = 10), for example; aL < L .

A2.3. Numerical examples

Now, we compute (D}, given by eq. Al with
eq. A2 and Broersma’s formula for D(L) includ-
ing minor terms due to end effects. The integra-
tion in eq. Al was replaced with the summation
up to L = 6000 and 600 nm with steps of AL =50
and 5 nm for L =900 and 90 nm, respectively.
Numerical evaluation of P(KL) can easily be
made according to the algorithm in ref. 33. The
numerical results for the profiles of N(L) are
shown in fig. 9a, for the {D}_vs. K? relationships
in fig. 9b (L, =900 nm and 4 = 8 nm) and in fig.
9¢ (L,=90 nm and d =2 nm). The broken lines
in fig. 9b and ¢ show the values of D(L_, 1), the
Broersma value of D for L= L _, where D(L, «) is
defined by

D(L, a) = (kyT/37wnL)
X[In(2aL,/d) - f(2aL,/d)] (A6)
with
f(x)=0.73 - 2.1(x"! - 0.39)
~3.7(x"1-0.34)°

which is the same as Broersma’s formula for «L
=L, as eq. Ad for f(x)=0.73 and as eq. A5 for
«’ and f(x)=0.73.

We first discuss the results for L, =900 nm
(very long rods). In this paragraph, D values are
given in units of 10~ % cm?/s and K? in units of
10'° ¢m~2. For »=0, (D), starts from 1.27 at
K? =0, very rapidly increases in a very low K2
region and shows saturation at high X2 (2.02 at
K?*=9). For v =3, (D)_ starts from 1.90 at K=
0, again rapidly increases in a very low K ? region
and approaches D(L_, 1). Table 1 lists D values
at K*=0 and 9. For an exponential distribution
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Fig. 9. Numerical simulation of the z-average translational
diffusion coefficient (D), at 20°C for a Schulz-Zimm distri-
bution function N(L). In (a—c), solid lines 1 for » =0 and
solid lines 2 for v =3. (a) Profiles of N(I). The arrow shows
the location of L. (b} (D), for L, =900 nm, d =8 nm. The
dotted line was computed by truncating N(L) for »=10 at
L = 3000 nm. (c) (D), for L, =90 nm, d =2 nm. In (b and ¢),
broken lines show the Broersma values of D for L= L.

(»=0), D(L,, 1) is not a very good approxima-
tion of (D), at high K? of long rods, but it is
much better than D(L,, L /L), the Broersma
value for L= L. For such a small » value as 3,

on the other hand, D(L,, 1) is a fairly good

Table 1

approximation of (D), at high K2 It should. be
noted that except for a low K? region, (D),
shows a plateau value which is much closer to
D(L,, a’) and even closer to D(L_, 1) than to
both D(L,, a) and D(L_, L /L,). This feature
arises solely from the very longness of scatterers;
an approximation of P(KL) ~ (KL)™! holds for a
major fraction of scatterers except for very low
K2

We mnext discuss the results for L, =90 nm
(relatively short rods). In this paragraph, D values
are given in units of 1077 cm?/s. For »=0 (3),
(D), starts from 1.09 (1.53) at K =0 and gradu-
ally increases with K2, but (D), values in an
experimentally accessible range of K2 are much
closer to D(L, L /L) than to D(L_, 1) (broken
line in fig. 9c).

It is generally concluded that the light-scatter-
ing process weights effects of long filaments much
more heavily than short filaments. This is true for
KL <1 or at very low K% Due to this, (D),
values at K% =0 are very small (fig. 9b). Note the
much smaller value of (D) at K*=0 for »=0
than that for » = 3. As K? increases, on the other
hand, a lesser contribution of long filaments than
short ones results in a rapid increase in (D),.
However, the contribution to (D), from long
filaments is still significant as shown by the dotted
line in fig. 9b, which was computed by truncating
N(L) for »=0 at L =3000 nm. In our particular
example of a three-exponential analysis given in
the text, very short pieces of F-actin would con-
tribute to the first component A, very long fila-
ments to the third component A,, and the fila-
ments with a broad (low vr) length distribution
centered around L, to the second component A,.

The same situation as above also appears in the

List of D values in units of 10~ % cm®/s computed for L, = 900 nm, 4 = 8 nm and 20°C

(D), was obtained [rom numerical integration of eq. Al, D (L,) from eq. Ad, Dy(L,) from eq. A5 and D(L, a) from eq. A6.
a* =1L, /L, D(Ly, ¢*)and D(L,, 1) are the Broersma values for L = L, and L = L,, respectively.

v K*=0 Kr=9%x10%cm™?

(D), D, (L) D(Ly, @) D(Ly, a™) (D), Dy(Ly) D(L,, o) D(L,, 1)
0 1.27 1,23 1.27 1.34 2.02 1.97 2.02 2.32
3 1.90 1.85 1.90 1.95 224 2.19 225 2.32
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derivation of eq. 12:

(Iye=C" [ L?P(KL)N(L) dr/ [N(L)dL
=C'L,L, (KL—0)
—C'L/K (KLz1)

where C’ is a proportionality constant. Let L,
{i) and p be, respectively, the unit length, average
degree of polymerization and number of polymers.
Then, we have L, =L (i) and C, = {i)p, and
hence (I)p=C'L,/K=K_,C, at high K as in

eq. 12, For KL — 0 (short L and/or low K), on
the other hand, (1) is proportional to C2.

A3. Estimation of filament length

For a semiflexible and long rod, we have in-
stead of eq. 14

T/K? =Dy + (L*/12)6f*(k) + (D; - Dy)
x[f(k)-1/3]
+(kgT/4mnL) 3 (1+/,)a, (k) (A7)

where f*(k) (i=1, 2) and a,(k) (mz2) are
functions depending on both &k and the flexibility
of the rod, and f,, (m = 2) denotes the hydrody-
namic interaction factor [34] so that D ,=
(kyT/4nnL Y1+ f,) is the diffusion coefficient
of the m-th mode (m = 2) of the internal bending
motion. In the stiff limit, f*(k) and £,*(k) tend
toward f,(k) and f,(k) for the rigid rod, respec-
tively, and 4 (k) toward zero. Explicit expres-
sions for f,*(k)for i=1and 2, and f,, and a, (k)
for m > 2 can be found elsewhere {34-36]. In our
notation, the mode number m is assigned as 0 for
translation, 1 for rotation, 2 for the lowest bend-
ing mode, etc. The first term in eq. A7 shows the
contribution from translational diffusion, the sec-
ond from rotational diffusion, the third from an-
1sotropy in translational diffusion, and the fourth
term(s) from bending motion(s). In eq. A7, trans-
port coefficients D, (i=0, 1 and 3) and © are
functions of L, d and y (the flexibility parameter
or the inverse of the Kuhn length);

D, (semiflexible) = D, (rigid rod) g, (L, 4, v)
(i=0,1,3) (A8)

O (semiflexible) = O(rigid rod) g, (L, 4, v)
(A9)

where D,(rigid rod) and O(rigid rod) are given in
refs. 15 and 19, the functions g, ,(L, 4, v) in ref.
37, g{L, d, v) in refs. 38 and 39 and [ D,(semi-
flexible) — D,(semiflexible)] /D, (semiflexible) in
ref. 40. ,

Computation of numerical values of f*(k) for
i=1and 2 and a,,(k) for m = 2 involves 3-fold
integration, which was carried out by using an
adaptive multidimensional quadrature subroutine,
ADAPT [28], on a minicomputer (Eclipse S-140,
Nippon Data General, Tokyo). The algorithm for
the present computation has been outlined in ref.
36.

The analysis based on eq. A7 has a difficulty;
how many modes in eq. A7 should be taken into
account? There are two simple criteria: the relaxa-
tion time 7, of the m-th mode should be longer
than the sampling time Ar; the mean-square-am-
plitude (82) (=2.D,,,,) of the m-th mode should
not be much smaller than 1/K 2. These two criteria
are too qualitative and not enough to determine
unequivocally the number of modes to be in-
cluded. Then, before discussing the result for F-
actin, we would like to refer to the result for a
dilute suspension of monodisperse filamentous
bacteriophage fd, because this gives a good guide
to the present analysis. This phage is 895 nm long
and 9 nm thick. The experimental value of I'/K?
for this phage was 4.45 X 10~% ci® /s at 20°C and
a scattering angle of 90°. Our analysis based not
on eq. A7 but on a direct method gave y =0.26
pm™~! [28]. On the other hand, eq. A7 can estimate
F/K? as

T/K2=241+121-027+0.66 (m=2)
+062 (m=3)

in units of 10~% cm?/s. Thus, we have T/K?=
4.01 X 108 cm?/s for m up to 2 and 4.63 X 108
cm?/s for m up to 3. The full contribution to
T'/K? from the m =2 mode and a partial contri-
bution from the m = 3 mode in this particular case
are consistent with the two criteria above; 7, =
1300 ps, 7, = 180 s, (82) = (39 nm)? and (8}) =
(14 nm)?, which should be compared with Ar = 20
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ws and 1/K =40 nm at a scattering angle of 90°
and at 20°C.

The y value of F-actin is not known exactly.
From various measurements by different
techniques, we assume here y=0.2 pm™! for in
vitro reconstituted F-actin [1,41]. We then have in
units of 10~ % cm?/s

I'/K?*=3.38+1,52-0.42 =448
for L = 600 nm
=270+130—-032+0.70 =4.38
for L = 800 nm
=225+1.16 — 0.26 + 0.60 (= 3.75)
+0.56 =431

for L = 1000 nm

These estimates are for a monodisperse prepara-
tion. Since, however, the effects of polydispersity
on the second and third terms in eq. A7 almost
cancel each out other and eq. 13 roughly holds for
the first term, an increase in I'/K? due to polydis-
persity may not be large, if we put L= L . Then,
comparing these results with I,/K*=4.3x10"*°
cm?/s, we can have L,(r) ~ 900 nm as the best
estimate of the length of F-actin at the middle and
later stages of polymerization.

The above estimation of the polymer length
L,(¢) is based on the theoretical result for a dilute
suspension of semiflexible filaments. This seems
to conflict with our interpretation of component 3
in the three-exponential analysis. However, this is
not so (see section 5.5.3).
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