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By use of digital autocorrelation and fast Fourier methods, dynamic light-scattering studies of in vitro reconstituted muscle
F-actin were made over a wide range of concentrations, 0.01-2 mg/ml F-actin. Measurements of correlation function {g'(#)]
showed that a transition from a dilute to a semidilute regime for the Brownian motions of filaments occurred at around 0.3
mg,/ml F-actin. Beyond this concentration, profiles of successively measured [g'(r)]2 showed very poor reproducibility. This
resulted from the existence of very slow components, which could not be measured with a high statistical accuracy even for a
measuring time of 3600 s/run. On the other hand, subtracticn of these components auiomatically by an electronic circuit,
[£'(£))2, or by computer processing, [ g% (1)}?, resulted in a fairly good reproducibility of the profiles. The decay characteristics
of [gL (£)])? (and [g"(1)]?) were very similar to those of [g*(¢)]? for dilute solutions. A theoretical model will be discussed
which could account for the above situation. The time sequence { n(f,T}} of photoelectron counts at a sampling time T of light
scattered from semidilute solutions of F-actin was stored on magnetic tapes, and both power spectra S(f) and correlation
functions [£%(#)]? were computed by taking the ensemble average over many short records with duration 10247. Since both
S(f) and [§'(1))? lacked frequency components lower than 1/(20487 ) Hz, their profiles were highly reproducible. An analysis
of S(f) confirmed our earlier results which had shown an apparent contradiction to later results by a correlation method. A
comparison of §(f) and [g'(#)]? based on the same {n(2,T))} clarified the reasons why the bandwidth I” of S(f) largely
differed from the bandwidth T of [g"(#)]? and [3'(1)}2. The temperature dependence of I' suggested that F-actin would be

flexible and that the flexibility parameter would change with temperature.

1. Introduction

Firstly, a brief introduction of the structural
basis of muscle proteins is given. G-Actin is globu-
lar in shape. Its molecular mass is about 42 kDa.
G-Actin polymerizes into F-actin (fibrous form)
under physiological salt conditions. Based on ob-
servation by electron microscopy, a ‘pearl-and-
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 total
length (L) of F-actin varies according to polymeri-
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zation conditions and, roughly speaking, is longer
than 1 pm. As might be supposed from its struc-
ture, F-actin is slightly flexible. Tropomyosin is a
rod-like protein. Its diameter is 2 nm and length
40 nm. When tropomyosin molecules are added to
the solution of F-actin, they bind to F-actin and
settle in the grooves of the F-actin helix and form
tropomyosin strands. Myosin has two heads called
subfragment-1 (S1) and binds to F-actin in the
absence of ATP. Partial digestion by some kind of
proteases produces heavy meromyosin (HMM) and
S1.

Next, a brief review of F-actin studies by dy-
namic light scattering is given. Using an a.c.-cou-
pled spectrum analyzer, the power spectra of light
scattered from solutions of F-actin were first ob-
tained by Fujime [1] and were analyzed by use of a
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single Lorentzian having a half-width I'. The I vs.
K2 relationship thus obtained has the form I'=
AK?+ B for K2 > 2 %10 ¢cm~2, where 4 and B
are constants and K the length of the scattering
vector. However, it was very difficult to give rea-
sonable meanings to the constants 4 and B. Based
on a model of polymer dynamics, Fujime derived
the following form for the homodyne powes spec-
tral density of scattered light [1]

S(K.f)= X3 Py (K)Py(K)

even NV and Af
< 2DK*+(M+ N) /7,
(2#f) +[2DK* +(M + N) /7]

2

(1)

where 7; is the relaxation time of the lowest bend-
ing mode of motion of the filament (and is equal
to 7, given in our later publications [2,3]) and D
the translational Jdiffusion constant. The reasons
why contributions from the rotational motion of
the filament were ignored, were (i) 1/(68)=1 s
for a filament with length /=2 pm is too long
compared with such times as 1/(DK?)< 10 ms
and 7, < 10 ms, and (1i) the interfilament distance
(= 300 nm) in the solution at a few mg/ml F-actin
is far shorter than the length of filaments (i.e., the
rotational motion will be strongly restricted),
whereas the amplitude (= 100 nm) of the bending
motion is comparable to or smaller than the inter-
filament distance (i-e., the bending motion will be
almost free). Further simplifications were made;
(a) the M =N =0 term is too narrow to be cor-
rectly detected because of the lower frequency of
the response function of the spectrum analyzer we
used (=20 Hz); (b) the terms specified by large
M and/or N weakly contribute to the far wing of
the spectrum: and (c) because of the broad size
distribution of in vitro reconstituted filaments.
only an average spectrum will be detected. And
finally the following form was assumed:

2DK2+1/%
(2=f) +(2DK?+ 1/3)?

where 1/7 is the P,, P,-weighted average of (M +
N)/7,. Namely. Fujime assumed that 4 is related
to the translational diffusion constant of, and B to

(2)

S(K.f)=

the relaxation time of the bending motion of, the
filament. Without a detailed computation of
P,.(K) the above formula is said to have no sound
physical basis. However, the extensive results of
Ishiwata and Fujime [4,5] under the assumption of
eq. 2 showed that both 4 and B were delicately
dependent on solvent conditions and the state of
F-actin interacting with other muscle proteins such
as tropomyosin, troponm and HMM, and also
showed very good correlation with results by vari-
ous techniques other than light scattering.

By vusing a digital correlator, the correlation
functions of light scattered from solutions of F-
actin and its complexes with HMM or S1 were
studied by Carlson and co-workers [6,7]. The cor-
relation functions for F-actin are highly nonex-
ponential and the initial decay rate deduced from
a cumulant expansion method has the form T =
A(K?2)K?, where A(K?) is an increasing function
of K2. Later, Maeda and Fujime [8] reconfirmed
this result, and further reported the observation of
a very long tail (which decays in the range of tens
of seconds) in the correlation functions.

Since the long-tail behavior of correlation func-
tions is expected to arise from entanglements of
long filaments such as F-actin in semidilute solu-
tions, Oplatka and co-workers [9] studied F-actin
and its complexes with HMM at relatively low
actin concentrations. In order to avoid complexi-
ties resulting from sample polydispersity of in
vitro reconstituted F-actin, Newman and Carlson
[10] used intact thin filaments of scallop adductor
muscle (F-actin-tropomyosin complex). Based on a
theoretical model [1,2], Maeda and Fujime [3]
succeeded in deducing the flexibility of the thin
filament from the experimental result of Newman
and Carlson.

During 1975-1980, the flexibility of F-actin
complexed with other muscle proteins and in vivo
thin filaments was extensively studied by various
techniques other than light scattering [11-17]. All
those studies supported our previous conclusions
based on eq. 2. Thus, we have to overcome a
difficult problem on the apparent discrepancy be-
tween '= AK2+ Band T=A(K?)K2

In this study, we will present mainly the experi-
mental results on in vitro reconstituted F-actin
and its complexes with other muscle proteins in a
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relatively wide range of actin concentrations,
studied by digital autocorrelation and fast Fourier
methods. Then, we will discuss the experimental
results based on our recent theoretical model given
elsewhere [18].

2. Methods
2.1. Correlation functions and power spectra

Firstly, the basic idea of our technique is intro-
duced. We follow the method of Rice [19]. Let us
consider a model situation where a stochastic sig-
nal i(z) is recorded for a long time. Let us con-
struct an ensemble by cutting the record of i(z) up
into strips (subsets) of equal length #:

{i ()} k=1,2,... and (k—1)F=<t1<kF
(3)

We develop i, (7) in a Fourier series

i(1)= Y [a,cos(2af,t) + b, sin(2af,t)] (4)
n=1

where f,=n/#. We assume (i (1)),=0, where

the angular brackets denote time average within

each record k. The Fourier coefficients are highly

variable from one record to another. The power in

the nth component is

P = [a, cos(2=f,t) +b, sin(2';rf,,t)]2 (5)
Thus, we have

(Bode=[{a2y+ (B3] /2 (6)

Now, the ensemble average, denoted by a bar over
the quantity, is an average over a large set of
independent records k. For a random process, we
have a,=b,=a,b,=0 and a,a,,=b,b,, =073,
Thus, from eq. 6 the ensemble average of the time
average power dissipation associated with the nth
component of i(z) is given by

<Pn>k= Zk<Pn>k/zk1 =0712 (7)

Let P(f) be the power spectrum of i(¢). Then, we
have

P(f)Af,=q] with Af =f, ., —f,=1/¢ (8)
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Fig. 1. Effect of a low-cut filter. (a) Schematic illustration of a
circuit for low-cut filtering. D/A and A/D, digital-to-analog
and analog-to-digital converters, respectively; and LCF, a low-
cut filter. (b) Examples of correlation functions showing the
effect of the low-cut filter. PC, photon-counting, i.e., the digital
signal was directly fed to the correlator; DC, LCF was re-
moved, and values given indicaie the critical frequency (v/2s
in Hz units) of the low-cut filter. Scattering sample was a dilute
solution of polystyrene latex spheres.
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The correlation function of i(r) will be given by

G(r)={i(1)i(t + 7)) = 2. a2 cos(2wf,T) 9)

From egs. 8 and 9, we have
Gley= [T S(fre*rdf (10)
-

where S(f)=[P(S)+ P(—/)1/2.

Consider a situation where i(z) is first fed to a
low-cut filter (LCF) and then to a correlater (Fig.
la). In this situation, the signal to the correlator
lacks its low-frequency components, i.e., a,, and b,
for small n values in eq. 4. Thus, it is evident from
the above consideration that

-

G(n)= [ [1=F(NIs(f)e*=af
=G(1)—F(1)+«G(r) (11a)
S(H=h—-FNHIss) (11b)

where the asterisk denotes convolution and F(7) is
the Fourier transform of F( f ). (Here and hereafter,
the bar over G(r). g(r) or S(f) indicates that the
low-frequency components of the signal have been
filtered out.) The function [1 — F(f)] is assumed,
for convenience of algebraic manipulation, to be
given by

2y
Qaf) +v°

where v /27 is the critical frequency in heriz of the
low-cut filter. The [1 — F(f)] in this particular
choice of F( 1) just corresponds to the frequency
characteristics of a low-cut filter consisting of a
two-stage cascade RC network. Then, we have for
G{1) = exp(—TITt). for example,

Fif)=3 or F(r)=Ze™™ (12)

- [e ¥ — -It
Flr)xG(1)=y—S——2 (13)
I'*— vy~

Experimental verification of the validity of eq. 11a
with eq. 13 was made by measuring the intensity
of light scattered from a dilute solution of poly-
styrene latex spheres (fig. 1b).

Let us consider another model sitvation, where
i(1), or n(7) in a photon-counting experiment, is
recorded with a sampling time T (in s). Then. we

have a set of sampled values of i(t) such as i(z,7),
i(t+ T,T),..., i(t+ mT,T),..., which we simply
write as {i(m)}. We divide this big set into many
subsets {i(m)}q, {i(m)},, .., {i(m)}s, ...,
where {i(m)}, is such a subset as it contains
components i(N.), i(N, +1), ..., i(N, + N —1)
and N; = kN. (Note that #= NT, cf. eq. 3.) Now,
we have the correlation function G,(r) and the
power spectrum S, ( /) for each of the above sub-
sets. According to Rice [19], the correlation func-
tion G(#) and the power spectrum S( f) for the big
set are given by the ensemble average of G, (7) and
S.(f) over all subsets &, respectively. Here we
have to take account of the Nyquist sampling
theorem. For a sampling time 7, we do not have
any information on frequency components higher
than 1/27 (Hz). In addition to this, for data
points N of each subset, say 1024, we do not have
any information on frequency components lower
than 1/2N7T (Hz). When we compute S;(f) by
use of a fast Fourier transform (FFT) algorithm,
we subtract the mean value of i(m) from each of
sampled values, i.e., {i(m)—({i)},. The mean
value (i) = (i(m)), for any subset k& does not
correspond to the d.c. component of i(¢) during
the time interval for the subset k, but it contains
frequency components lower than 1/2NT(Hz).
Fig. 2 depicts the frequency characteristics of an
‘FFT spectrum analyzer.” Likewise, when we adopt
the usual definition of the baseline level of a
correlation function, the baseline level B, of G, (1)
is given by N{i(m))7. The summation of B, over
all & is not equal to the baseline level B of G(7).
This arises from the fact that {(i(m)i(m+ N}) =
(i(m)i(m + o0)) for a finite value of N, say 1024.
The correlation function G,(¢) — B, has no
frequency components higher than 1,/27 and lower

T
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T=1.0ms 1 10 100 1000
T=02ms & 50 s00 5000

Fig. 2. Schematic illustration of the frequency response of an
*FFT spectrum analyzer'.
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than 1/2NT. Thus, we have
G(t) = ensemble average of G, (1) — B, (14a)
S(f) = ensemble average of S, (f) (14b)

where the critical frequency of a low-cut filter is
close to 1/2NT (Hz). The consideration given
above is important in what follows.

2.2. Electronics

We used a 128-channel, single-clipped digital
correlator, which had been made in our laboratory
according to the design principle described by
Chen et al. [20], and interfaced with a minicom-
puter mentioned below. Our correlator has 16
extra channels whose delay time starts from
1287(1 + M), where T is the channel time (sam-
pling time) and M =1, 2 or 3. For the discussion
that follows, we define the following four types of
normalized correlation functions:

Blg ()] =15 [62(1) - 67(e0)] /G (o0)
(15a)
[gY()]* = [G2(1) = G2(0)] /[GXUT) — G*(0)]
(15b)
(&L (O] = [6*(2) - G*(3T2D)] /[GX(T)
- G*(5127)] (15¢)
[2'(0)]? = [G2(2) — G:(0)] /[CHT) — T*(0)]
(154d)

where G2(r) denotes the time correlation function
of the intensity of scattered light, G*(c0) = B the
baseline level, G*(5127) the average of the above-
mentioned 16 extra channels for =3 and r= (1
+n)T withn=0,1, ..., 127, and 77 and k dennte
the mean counts per channel time and the clip
level, respectively. Without extrapolation to 7 =0,
we do not know the value of GZ(0), so that we
used G*(T') instead of G*(0).

To record sampled values of {n(t + m7T,T)} and
compute correlation functions G,(z) and power
spectra S, (f) in eq. 14, we used the hardware
system shown in fig. 3. 16 kilowords of memory
were used for the data accumulation area. Every

()
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Fig. 3. Schematic illustration of the electronics system. (a)
Computer-controlled hardware system. PM, photomultiplier
tube; A, fast preamplifier; DISCRIM, amplifier /discriminator;
CLK & CONTROL. a clock signal generator and a controller
for COUNTER (see b); and NOVA 02/30, a minicomputer
(Nippon Data General) equipped with hardware multiply/
divide and floating point units. (b) A 16 bit-counter/latch
circuit and a waveform of the clock signal, which enable
registering of n(z + m7T, T) in a direct memory access (DMA)
mode in a contiguous manner.

time this area was filled up, data on memory were
transferred to a magnetic tape in units of 4 kilo-
words by a free format mode in a machine isvel.
Our minicomputer (Nippon Data General, Model
02,/30) installed hardware multiply/divide and
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floating point units. Th< ,or.aer was used for
computation of G,(7) and the latter for computa-
tion of S,(f). For N =1024, computation times
were 3 s for G, (r) with 100 delay points and 1 s
for S, (f). We also used an Eclipse minicomputer
(Nippon Data General, Model S-140) for off-line
computation. We sometimes placed the D/A-
LC"-A /D circuit in fig. 1 between DISCRIM and
COUNTER in fig. 3. Using the same data on
magnsiic tapes, we computed both correlation
functions and power spectra defined in eq. 14 for
N =1024.

2.3. Spectrometer

The spectrometer we used was a conventional
one. A 488 nm beam from an argon ion laser
(Lexel, Model 95) was focussed and passed through
a sample cell made of pyrex glass tubing (outer
diameter, 10 mm; wall thickness, 0.8 mm). The
beam diameter at the scattering volume was about
0.1 mm. The sample cell was placed in a thermo-
statted oil bath mounted on an adaptor fixed to
the center piece of a rotary table (300 mm diame-
ter) for a milling machine. After passing through
the sampie cell the laser beam was adsorbed by a
piece of a heavily colored glass plate in the oil
bath in order to avoid back-reflection of the light
from the glass/air boundary at the exit. To avoid
moistening of the glass wall of the oil bath during
measurements at low temperatures, the wall surface
was constantly dried by nitrogen gas from a
liquid-nitrogen container (with a small electric
heater in it). On an arm tightly fixed to the rotary
table, two pinholes, an interference filter and a
photomultiplier housing (Ortec 9201) were
mounted. The first pinhole (0.1-0.5 mm diameter
in steps of 0.1 mm) was at about 150 mm from the
sample cell and the s:cond (0.5-0.1 mm diameter
in steps of 0.1 mm) at 200 mm from the first
pinhole. An RCA-8850 photomultiplier tube
powered by an Ortec 456 high-voitage supply was
used. and its output was fed to a fast preamplifier
(Ortec 9301) and then to an amplifier/
discriminator (Ortec 9302). The spectrometer and
its accessories were mounted on a vibration-free
table.

2.4. Materials

Muscle proteins were obtained from rabbit back
and leg white muscle. Dry muscle was prepared by
almost the same method as that of Straub [21],
except that the regulatory proteins were removed
before acetone treatment of myosin-extracted
minced muscle. G-Actin was purified according to
the method of Spudich and Watt [22] with slight
modifications. Tropomyosin (TM) was prepared
from native tropomyosin by using isoelectric pre-
cipitation and ammonium sulfate fractionation
[23]. To prepare F-actin, G-actin filtered through a
membrane filter (pore size 0.05 pm; Millipore Co.)
was polymerized in the optical cell mentioned
before at 0°C under 0.1 M KCI, 1 mM MgCi,, 10
mM Tris-HCl (pH 8.0) and 0.5 mM ATP. An
F-actin-TM complex was prepared by polymeriz-
ing G-actin in the optical cell on adding a TM
solution containing high salt which had been
filtered through a membrane filter (pore size 0.22
pm). After polymerization, the actin concentration
was decreased and adjusted to an appropriate
vzlue by adding the above solvent. Myosin sub-
fragment-1 (S1) and heavy meromyosin (HMM)
were prepared according to the method of Weeds
and Pope [24] by chymotriptic digestion of myosin
which hau been purified as described by Szent-
Gyorgyi [25] with slight modifications. An F-actin-
S1 complex was obtained by adding S1 filtered
through a membrane filter (pore size 0.22 um) to
the above F-actin solution before dilution. After
ATP was hydrolyzed, the solution was diluted to
0.01 mg/ml F-actin by adding the above solvent
without ATP. An F-actin-HMM complex was ob-
tained by adding HMM (not filtered through a
membrane filter) to the above F-actin solution
before dilution. This mixing prccedure was made
in such a way to attain a final concentration of 0.5
mg/ml F-actin and a weight ratio of F-actin to
HMM of 1:1-1:8. Both solvent and distilled
water were filtered just before use (pore size 0.025
pm). The volume of filtrates was determined by
their weight with an error of less than a few
percent. The protein concentration was de-
termined by a biuret method. ATP was purchased
from Boehringer Mannheim Co., and other chemi-
cals were of reagent grade.
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3. Experimental

Fig. 4 shows 10 correlation functions succes-
sively measured for 300 s/run for a solution of 1
mg,/ml F-actin. Fig. 4a and b shows examples of
Blg'(#)]? and [ g'(1)]?, respectively. The profiles of
correlation functions are largely different from run
to run. However, this does not imply the time

N
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z c
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256 ms

-t
b |

d (c)

lgl(1)l2

| A

1G't)12
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256 ms

evolution of correlation functions associated with
some change in scatterers in solution, Lscause
there was absolutely no definite trend in the ap-
pearance of profiles with time. Strong nonrepro-
ducibility of the profiles of correlation functions
might result from the contribution of very slowly
decaying components, because [ gh(#)]? in fig. 4¢
and [g'(2)]? (with fy,=v/2% =0.1 Hz) in fig. 4d
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Fig. 4. Correlation functions (10 runs each) of the intensity of light scattered from a solution of F-actin at 1 mg/ml. Data
accumulation period = 300 s/run, temperature =5°C, 7= 0.2 ms and K2 = 0.9 10'° cin~2 (scattering angle 32°)._ (a-c) Different

plots of the same data, and v/2% = 0.1 Hz in d.
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Fig. 5. Correlation functions (10 runs each) of the intensity
accumulation period = 300 s /run. temperature = 5°C, 7 =0.2
data.

show better reproducibility. Fig. 5 shows 10 corre-
lation functions successively measured for 300 s/
run for a solution of 0.2 mg/ ml F-actin. Here, the
profiles of correlation functions, both Big!'(1))?
and {g'(0)}?, have good reproducibility, and no
long tail in correlation functions, inferred from the
value of [g'(5312D)13, can be seen. Very large far-
point values of correlation functions in fig. 4a and
b may suggest the possibility that there was an
occupation number fluctuation of large aggregates
in the scattering volume at high concentrations of
F-actin. At the moment, however, we do not be-
lieve this to be likely. We have several pieces of
reasonable evidence to support this statement. First
of all, correlation functions measured at different
scattering volume, keeping the coherence condi-
tion unaliered. showed the same decay behavior.
Single-clipped, scaled and full correlation func-
tions showed the same decay behavior. The experi-
mental excess amplitude, B in eq. 15a, had a value
of 0.8 at the most. It did not exceed unity. (Its
vaiue for a dilute solution of polystyrene latex
spheres was about 0.8 at the same machine condi-
tion.) Although more evidence may be required for
our conclusion, we believe that strong nonrepro-

|ght)f2
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r (b)
_ray
0 256ms

of light scattered from a solution of Fe-actin at 0.2 mg/ml. Data
ms and K2 =0.9%10" cm~2. (a and b) Different plots of the same

ducibility of the profiles of, and large far-point
values of, correlation functions at high actin con-
centrations arise from very slow Gaussian fluctua-
tions.

Fig. 6 shows examples of [g'(#)}? at low actin
concentrations. In the case of F-actin-S1 com-
plexes, i.e., fig. 6¢c and d, a very large excess of S1
was added at low actin concentrations in order to
decorate F-actin fully with S1. Due to this fact,
free S1 molecules in the solution also contributed
to the correlation functions. The very fast decay at
short delay times in fig. 6c resuited from the
contribution of free S1 molecules. (The fast com-
ponent from free S1 would almost decay within
the first 10 channels.) At low actin concentrations,
both B{g'(1)]® (mot shown here) and [g¥W()]?
showed very good reproducibility in their profiles
and very small far-point values. As a measure of
the contribution from slowly decaying compo-
nents, let us define

rR=[g'(312T)|* /[ g'(1287)] (16)

Fig. 7 shows the R vs. concentrations of F-actin.
The R values drastically changed at F-actin con-
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Fig. 6. Correlation functions (10 runs each) of the intensity of light scattered from solutions of F-actin and F-actin-51 complexes at
low actin concentrations. Data accumulation period = 300 s/run, temperature =5°C, T=0.2 ms and K* = 0.9x10'° cm ™2 (a) 0.05
mg/ml F-actin, (b) 0.1 mg/ml F-actin, (c) 0.01 mg/m] F-actin and 1.25 mg/ml $1 and (d) 0.05 mg/ml F-actin and 1.25 mg/ml $1.

centrations in the range 0.2-0.5 mg/ml. However,
the decay characteristics of [g(z)]*> were rather
similar, irrespective of the F-actin concentrations
as shown by the values of [gL(1287)]? in fig. 7.
Fig. 8 shows another example of correlation
functions. A poor reproducibility of the profiles of
correlation functions measured for 300 s/run (fig.

8a) was improved very little even when we mea-
sured them for 3600 s/run (fig. 8b). On the other
hand, when we cut off the frequency components
Jower than 0.3 Hz, rather good reproducibility of
the profiles of [2*(£)]® was observed even for a
measuring time of 300 s/run (fig. 8¢c), and very
good reproducibility was observed for a measuring
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Fig. 7. R and [g4(1287)]? vs. concentrations of F-actin (average of 30-90 runs per point). The abscissa is scaled also in ¢Z3 with
L = 0.7 and 1.4 pm (see section 4). Experimental conditions were the same as those in figs. 4-6. [gL{1287)]* values for F-actin/S1
were a little larger than those for pure F-actin for al! concentrations studied.

time of 4500 s/run (fig. 8d). A measuring time of
3600 s is not long enough to observe such slowly
decaying components with a high statistical accu-
racy.

Fig. 9 shows examples of correlation functions
[8'())” defined in eq. 14a. Even for a solution at 1
mg/ ml F-actin, relatively good reproducibility of
the profiles of correlation functions was observed
for an effective measuring time of 80 s/run (i.e..
the average of 400 [G, (1) — B, ] values). This is a
natural consequence of the fact that the frequency
components lower than 2.5 Hz (T=0.2 ms and
N =1024) were filtered out by subtracting the
mean counts., iLe., {n(t+mT,T)—{nd},. The
solid lines in fig. 9 represent the single exponen-
tials whose decay rates were adjusted such that
their initial parts fitted the experimental ones.
Corresponding to a large deviation between the
observed correlation functions and single exponen-
tials. the power spectra defined in eq. 14b have

large components in low-frequency regions (fig.
10). Note that the delay time of 10 ms in a
correlation function corresponds to the frequency
of 1/(10 ms X 27)=17 Hz in a power spectrum.
We have to take account of the fact that in our
particular case, the initial decay rates of correla-
tion functions have larger values, whereas the
half-height widths of corresponding power spectra
have smaller values.

As mentioned in section 1, our earlier results
were obtained by using the a.c.-coupled spectrum
analyzer. To compare the present results with the
previous ones, the FFT spectra were modified by
using the relationship in eq. 11b, where v/27 was
chosen to be 30 Hz, the equivalent overall
frequency characteristics of our previous spectrum
analyzer. Fig. 11 shows some examples of the
spectra thus obtained. We also recorded the sam-
pled values of {n(¢i + mT, T)}, placing the
D/A-LCF-A /D circuit in fig. 1 between DIS-
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Fig. 8. Correlation functions (10 runs eacn) of the intensity «f light scattered from a solution of F-actin/S1 at 0.2 mg,/ml F-actin and
1.25 mg/ml S1. [g'(1)]? at the measuring time of 300 s /rur (a) and 3600 s/run (b). [g'(1)]* at the measuring time of 300 s/run (c)
and 4500 s/run (d). (c and d) y/2= = 0.3 Hz. Temperature =5°C, 7= 0.2 ms and K2 =0.9x10'" cm~2.

CRIM and COUNTER in fig. 3. By setting v/27
= 30 Hz, we could obtain the FFT spectra very
close to those in fig. 11 without any modification
with [1 — F(f)] in eq. 11b. The power spectra in
the latter case just correspond to our earlier ones.
The solid lines in fig. 11 represent the least-squares

fitted curves to

= r

S =P——
2 i

where P and  are constants independent of

frequency. The @ contains contributions from

+Q (P/T+Q0=1) a7
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Fig. 9. Correlation functions (12 runs cach) of the intensity of light scaitered from a solution of F-actin at 1 mg/ml. T = 0.2 ms,

N =1024, temperature = 15° C, effective measuring time = 80 s/run and the scattering angle = 30° (a) and 50 ® (b). {

exponentials (see texr).

high-frequency components as well as the
frequency-independent shot noise. The magnitude
of Q was less than 0.05 at scattering angles lower
than 709, but became 0.1-0.15 at higher scattering
angles. Because it is difficult to subtract the contri-

['e] =
0 Frequency (Hz) 1.2k

Fig. 10. Power spectra (average of 12 runs) of the intensity of
light scattered from a solution of F-actin at 1 mg/ml. Data
used for this computation were the same as those for correla-
tion functions in fig. 9. Scattering angles: 30. 50, 70, $0. 110
and 130 °. respectively, from narrow to wide spectra.

) Single

bution to @ from the shot noise in the present
FFT spectra, a quantitative discussion on K-de-
pendent Q values is not possible.

Fig. 12a shows the I" vs. K relationship of the
spectra S( f) modified with eq. 11b. This result is

0

1.
0 Frequency (Hz) 480

Fig. 11. Power spectra (average of 10 runs) of the intensity of
light scattered from a solution of F-actin at 1 mg/ml. 7'=1 ms,
N =1024, data accumulation period = 400 s/run and tempera-
ture =15 °C. The FFT spectra were modified by use of eq. 11b
with y/2w = 30 Hz. For details, see text.
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Fig. 12. The I' vs. X2 relations of the power spectra for a solution of F-actin at 1 mg/ml. The relations, egs. 11b, 14b and 17, were
used. (a) T =1 ms, N =1024, temperature =15°C and yv/2# = 30 Hz. The shaded area indicates the region where the previous results
[1,4,5] are included. The Q vs. K2 relation is also plotted. (b) I' vs. X2 relations at different temperatures after 7,/ scaling to $°C.

All the conditions except for temperatures are the same as those in a.

in good agreement with our previous result (the
shaded area indicates the region where the previ-
ous results are included). In the present approxi-
mation of eq. 17, the contribution to S(f) from
the fast component of fluctuations resuits in an
increase of the Q value (fig. 12a), because very
wide Lorentzians with small amplitudes are practi-
cally approximated as the frequency-independent

component. Note that the K dependence of Q
corresponds to the upward deflection of the T vs.
K?2 relationship, i.e., T=A4(K 2)K?2, in the correla-
tion method [6,8]. The quantity I' is indeed a
measure of the spectral width, but it alone has no
direct relation with I (see appendix A). [It should
be noted that the absolute value of I" (and also Q)
depends on the filter frequency: The choice of
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Fig. 13. Correlation functions [£'(1)]? of the intensity of light scattered from a solution of F-actin at 1 mg/ml and at 5 and 31°C.
T =0.2 ms. N =1024 and effective data accumulation period = 80 sx 10 runs. The solid lines represent the correlation functions at
31°C after T/7 scaling to 5° C. The scattering angles are 50° (a) and 90 ° (b). For T/ 5 scaling. see section 4.

20-30 Hz for v/ 2w reproduced our old results.] In
order to see how this I' vs. K2 relationship changes
with varied environmental conditions, we studied
the temperature dependence of power spectra and
correlation functions. Fig. 12b shows I' vs. K?
relationships at three different temperatures, where
I' values have been corrected with the ratio of the
absolute temperature 7 to the viscosity 5. The
higher the temperature. the smaller the I' values
corrected to 5°C. Since it is known that F-actin
becomes more flexible as temperature rises, this
result indicates that the I' values decrease when
the filament flexibility increases. This is opposite
to the change in I of correlation functions, i.e., the
initial decay rates T increase as the filament flexi-
bility increases [3]. (For this point. see section 4.)
Fig. 13 shows examples of correlation functions
[£'()]? at different temperatures. The correlation
function at 31°C decays faster than that at 5°C,
but after T/% scaling the former (the solid line)
decays more slowly than the latter at longer time
regions. Reflecting this situation, I” measured at
31°C and corrected to 5°C is smaller than I’
measured at 5°C. The same trend was also ob-
served for F-actin-tropomyosin complexes.

3.1. Some additional results

Fig. 14a shows I' vs. K ? relationships at differ-
ent temperatures for solutions of F-actin at 1
mg/ml. Each point was obtained by a simple
average of the results for three preparations, for
each of which we made 10 successive measure-
ments. The B values in I' = AK? + B are indepen-
dent of temperature, which confirms our previous
experiment [26]. Fig. 14b shows I" values of 10
successive measurements at each angle for one
particular preparation. This gives an idea of the
reproducibility of the spectra.

Since each HMM has two active heads (two
binding sites to actin), HMM is believed to be a
bifunctional cross-linker to F-actin in the absence
of ATP. Indeed, the solution of the complex does
not pour from an inverted cuvette after hydrolysis
of ATP, when 1 mg/ml F-actin and 1 mg/ml
HMM are mixed in equal volumes in the presence
of ATP. In our previous experiment [4], we also
studied the solutions of F-actin complexed with
HMM. Since we used the analog method, we could
not know the magnitude of 8 in eq. 15a. Later,
Carlson and Fraser [6] reported that the 8 value
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Fig. 14. The I" vs. X2 relations of the power spectra for solutions of F-actin at 1 mg/ml. T=1 ms, N=1024 and y/2= = 25 Hz. (a)
Each point was a simple average of the results for three independent preparations, for each of which 10 successive measurements were
made. Temperatures: 20 °C (O), 30°C (0)), 40°C (a), 45°C (X)), 5°C (a), 10°C (m) and 20°C (®). Note that Bin I'=A4K2+ B
was independent of temperature. (b) I' values of 10 successive measurements at each angle for one particular preparation.

Temperature: 20°C.

became almost zero for a solution at 1 mg/ml
F-actin and 2 mg/ml HMM after ATP was com-
pletely hydrolyzed. Here, we studied this complex
again and found that the B value was not small

compared with that for F-actin alone. Fig. 15
shows some examples of R[g'(#)]? for solutions of
F-actin-HMM complexes. We have to note that
not only the large B value but also fairly good
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Fig. 15. Some examples of Alg'(e)]? for solutions of F-actin-HMM complexes a1 0.5 mg/mi Fuactin. Scattering angle. 60°;
twmpersture, 20 °C; and T = 40 ps, The weight ratios of F-actin to HMM were 1:1 {a), 1:2 (b}, 1:4 () and 1:8 (d).

reproducibility of the profiles of correlation func~
tions were observed at this high actin concentra-
tion (0.5 mg/ml). Interpretation of this result is
not straighforward. A detailed study on F-actin-
HMM complexes will be given elsewhere.

4, Discussion

The drastic and large change in the R value in

fig. 7 is considered 1o suggest the transition from a
dilute to a semidilute regime. Let ¢, ¢, and ¢* be,
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respectively, the number of filaments/ml, the fila-
ment concentration in units of mg/ml and the
critical concentration for filament overlap. It is
evident that cL?®=c_/c* where ¢*=M,/NL? in
units of mg/ml (M,, molecular weight; N,
Avogadro’s number). Since in vitro reconstituted
F-actin has the length distribution given by N(/)
=)y Vexp(—1/{1)) with {I) =0.7 pm [27], c*
is estimated to be 0.08 mg/ml for L= (/) and
0.01 mg/ml for L =2{/). Since the weight aver-
age length L, =2({I) is a representative one in
light scattering, the latter value for ¢* may be
appropriate. From fig. 7, it is inferred that the
actual onset of the semidilute region appears to be
around 0.3-0.5 mg/ml, which corresponds to cL?
= 30-50 as expected.

Although it is desirable to study the F-actin
solution at a dilute regime, very low intensities of
scattered light at higher scattering angles make the
experiments very difficult. In order to extract the
physical properties of F-actin, for example, its
flexibility parameter, it seems useful to study cor-
relation functions in the forms of {gl(#))? and/or
[2'(#)]? for scmidilute solutions. As shown in fig.
7, the decay characteristics of [g4(2)]? are rather
insensitive to the concentration of F-actin. If we
had a good theoretical model for computation of
correlation functions for semiflexible filaments in
semidilute solutions, a comparison between theo-
retical and experimental [g'(z)]*> and/or [g'(#)]?
would give us information on dynamical proper-
ties of individual filaments in the same way as we
have discussed for a dilute regime [3,18]. Along
this line, we will briefly discuss our model de-
scribed elsewhere [18].

Let us define the conformation of a long, thin
and semiflexible (or slightly bendable) rod by a
space curve r(s, t), where s is the coordinate of a
segment measured from the center of the rod and ¢
time:

r(s,t)=R(t)+st(2)+ 3 g(m,1)0(m,s) (18)

Here, R(t¢) is the position vector of the center-of-
resistance of, and #(¢) is the unit vector parallel to
the ‘mean’ axis of, the rod. The terrn under the
summation sign represents the bending motions of
the semiflexible rod and the double prime (")

denotes exclusion of m =0 and 1. The unnormal-
ized field correlation function G'(z) of polarized
light scattered from a solution of semiflexible fila-
ments in this model is given by

G'(1)= (1/L2)jj“2 J(s,s’, 1)dsds’ (19)
—Ls2
J(s,s5', )= exp( —D,Kzt)
x <e:K(:E—:'$')H"e—-b(m.:.:'.E.é',t)>
(20)

where L is the contour length of the rod, D, the
sideways translational diffusion constant and

=3[ [ C)sele g5 0agag ()

The variable § is given by cos 8(z), where (1) is
the instantaneous angle between vectors K and
t(r). With a high accuracy, we can put £=¢’ in
D(m,s,s’, & &, 1), i.e [18]

D(m,s,s", &, & 1) =(K?/4)(1 - £2)(q2>
x [Q(mv 5)2"' Q(m, 5,)2_ 2Q(m, s)Q(m,s’)
xexp(—t/7, )] (22)

where (g2) is the expectation value of the square
of g(m, t) and 7, the relaxation time of the mth
normal mode of the bending motion. The function
g2«(&, £’; 1) is the conditional probability that if
the rod is found at orientation £’ at time zero, it
will be found at orientation £ at time 7z, and
satisfies the diffusion equation:

[a/8:—8( 2 - p?82)] ge(£. 875 1)
=8(£-¢£)8(z) (23)
g’ = (D; — D;)K2/0 (the coupling constant) (24)

where & and D; are, respectively, the rotational
and the lengthwise translational diffusion con-
stants and v7=0/8£(1 —£2)9/9¢. The above
formulation is valid at cL? <« 1 (at dilute regime).
At cL? > 1 (at semidilute regime), we follow the
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Doi-Edwards model [28]. They assumed

D, =0.D;= D,

6=0/(cL?) = (D3/L%) /(L) (25)
B = (KLY (cL?)

where bars over various quantities denote those at
cL? > 1. Then, G'(¢) at this regime is given by the
above equations after_simple replacement of D,
values. 8§ and p> with D, values. § and ji’. respec-

tively. When f2>s>-1 due to cL?> 1, we have
18]

1 _ —= 1 1 1 L/2 .
G (1)—sech(y.0t)2[_ld$ ff_L/zdsds

LZ
Kis+s) -
X exp| — ———=———tanh(pér
p[ e (B )]
x exp] — &2 tanh(Efr)] er¥¢s 5"k
=< n"e—-ﬁ(m.x.".svs,:) (26)

First. we consider the case of rigid rods, i.e..
{qz> = 0. For short times which satisfy tanh(zér)
= 10t and sech(ffr) = 1. we have p¢? tanh(ifr)
= D,K%£* a2nd [K3(s +s')2/4E] tanh(Ebr) <
DK *t/[4cL*)?]. and hence

G'(r)=[o‘[j;,(k§)]2exp[—D;Klzgz]dg (27)

where k= KL/2 and j,(z)=(sinz)/=. Eq. 27 in-
cludes continuous relaxation rates from 0 to D, K ?
with weight [j,(4£)}® which has large values at
small £ for large KL values, and hence G'(¢) has a
long tail. For long times which satisfy tanh(jifr) =
1 and sech(fifr) =exp(—f61)/2. eq. 26 gives
GY(7)x exp[ — D; K *1/( KL x cL?)]. Thus, the long
tail of G'(r) decays indeed very slowly.

Now. we consider semiflexible filaments in a
semidilute solution. For a short time 7= 37, <<
1/(;7.5). we have @P(m. s, s, £ & 3n) =
D(m.s.s’. £ & o). Thus, for 1= 37w, the time
dependence of eq. 26, which we denote as G, (7). is
the same as that for a rigid rod in a semidilute
solution. i.e.. G, (¢) has a long tail as in the case of
G'(r) in eq. 27. Within a very short time, G'(r) in
eq. 26 decays from G'(0) to G'(3w:) [= G, (37)].

The amplitude of the initial fast decay due to
bending motions, [G(0) — G.(3%,)]/G'(0). de-
pends on both yL and KL values. Now, when we
write

IGH (O =1G ()P +[IGHOP ~1G.()1P]  (28)
the second term on the right-hand-side of eq. 28
mostly results from contributions of bending mo-
tions, and the first term [G,(¢)|? will be eliminated
in the expressions of [gh(r)]® and [g'(7)]%. This
situation is compatible with the experimental find-
ings, at least qualitatively.

Simulated correlation functions based on eq. 26
agree qualitatively with our experimental results
[30,31]. However, a quantitative agreement has not
been obtained. These difficulties probably arise
from the following facts. The original Doi-Ed-
wards model assumes (eq. 25) 8=k,0/(cL>)?,
where 4, is a proportionality constant (expected to
be within an order of 10). Since cL?= cp/c*, we
have 6/6=(1/k;}c,/c*)>. From experimental
data for rod-like viruses obtained from transient
electric birefringence measurements [32], we can
estimate the &k, value to be about 5000 for M-13-
WT (L=0.892 pum, d=8.5 nm and M =1.6X
107) and about 17000 for M-13-T,3-1S (L = 1.58
pm. d=8.5 nm and M, = 2.28 X 107). Both values
are very much larger than expected. The same
situation has also been reported for other cases.
From depolarized light scattering measurements
[33], it is reported that the k; values for PBLG
with M_= 150000, 170000 and 210000 are 1070,
1170 and 1786, respectively. From dynamic elec-
tric birefringence measurements [34], the low re-
laxation frequency f, was found to be 77 Hz for 1
wt.% PBLG with M_ = 150000. The Doi-Edwards
model gives f; =0.11 Hgz, resulting again in a
difference of 700-fold. Although almost complete
¢~ ? and fairly good L~° dependences are con-
firmed in ar;- case cited above, the absolute value
of 8 is several orders of magnitude larger than
predicted. Another problem is specific to polarized
light scattering. For a very long filament, L=1
pm and cL? = 64, for example, correspond to four
filaments per um or 250 nm per filament. This
means that a filament is confined in a cage with a
diameter of about 250 nm. The sideways transla-
tion of the filament in the cage could be detected,
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because we have 1/K =100 nm even for such a
low angle as K2=1 x 10'° cm~2. That is, even if
D, =k, D,/(cL?)? is assumed instead of D, =0 in
the original Doi-Edwards model (eq. 25), the pro-
portionality constant k, would have a very large
value as does k,. Our alternatives, 0=Kki0/(cL>)
and D, = k;}D,/(cL?) [35], still entail problems;
both k{ and k5 wiil be much larger than 10.
Unexpected light scattering results for M-13-WT
[26] might result from these reasons. A trial to
analyze these data has been made, which suggested
D,=05D, at K*=1.5% 10" ¢cm~? and D, = D,
at K2=4x10'° cm~2[18].

When the correlation functions [g!(z)]? at tem-
peratures T, and 7, (T}, > T,) can scale with 7 /7,
the spectral with I, and I_; of S( /) (sec appendix
A for definition of I) will also scale with 7 /7.
For T/m scaling of I' from 5_'(f), on the other
hand, we have to take account of the choice of
filter frequency. In the above situation, we will
have a scaling relationship (7,/7,) I}, = (Tp/1u) 1,
provided that I'y, and I are determined from S(f)
values at the filter frequencies v, and vy,, respec-
tively, which satisfy (7}/%,)v, = (T3,/71,)7:- The I’
values for F-actin scaled in this sense are shown in
fig. 16, where (O) shows I} at 7;,=5°C and
v/ 27=30Hz, (@) I',/a at T;, = 31°C and v, /27
= ay/27 =60 Hz (note that a= (7 /1,)/(T\/
7)=2.13), (), /axat T, =31°C and v, /27 = 30
Hz and (@ I, at 7, =5°C and v,/27 =
(1/a)yn/27 =15 Hz. In both cases, (O, W) and
(®, 0), I values at the lowest K2 values coincide
with each other as expected, whereas I" values at
larger K2 values do not scale with 7/7. Because D,
values and @ (and hence D, values and 8) are
proportional to 7./7, G!(r) in eq. 26 can scale with
T /9, provided that the flexibility parameter (yL)
is independent of temperature (note that for a
given length L, (g2) depends only on the (yL)
value and 7;! « (7 /1)/{q2%) [29]). The nonscal-
ing property of I" shown in fig. 16 probably means
that yL(+ 0) depends on temperature. This is
compatible with the experimental results by other
techniques [13-17]. They showed that the actin
filament becomes more flexible (the yL value be-
comes larger) when the temperature is raised. The
reason 1s not simple, however, why I, /« is smaller
than I in fig. 16. This probably results mainly
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Fig. 16. The I' vs. K2 relations after 7/7 correction to 5°C.
F.Actin at 1 mg/ml, T7=1 ms and N=1024. (O) I, at
7,=5°C and v,/2%7 =30 Hz, (W) I, /a at 7;,=31°C and
/27 =ar,/27=60Hz, Q) I,/aat T,,=31°Cand v, /27
=30 Hz,and @) [ at 7\=5°C and v, /27 = (1 /o)y, /27 =
15 Hz. Note that a= (T}, /7, X7\ /m) = 2.13 (for details, see
text).

from the fitting procedure by use of eq. 17, be-
cause more involvement of the internal flexing
modes causes an increase in the amplitude of the
far wings of S(f) which results 1n a larger Q value.
The width I of §(f) is inferred to be mainly
determined from the shape of a tail portion in the
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initial fast-decaying component of |G!(z)|®> or
IGY()]* — |G, (2)]? in eq. 28. At any rate, the re-
sults in fig. 16 suggest an empirical rule that the
more flexible the filament, the smaller the I" value
at least for F-actin in semidilute solutions. This
agrees with our previous conclusions {4.5].

5. Conclusions

The profiles of successively measured intensity
autocorrelation functions of polarized light
scattered from solutions of in vitro reconstituted
F-actin were highly reproducible below 0.2 mg/ ml
actin and highly nonreproducible above 0.3 mg/ ml
actin. This behavior could be interpreted as a
transition from a dilute to a semidilute regime.
Even at 1 mg/ml F-actin (¢cL?=100 if L =14
um was assumed), on the other hand, profiles of
[g%()}? and [§'(#)])* showed a fairly good repro-
ducibility, suggesting that nonreproducibility of
the profiles of {g!(r)]? arises from the existence of
a very slow mode. The fact that cL> = 100 is close
to L/d=180 (if d=8 nm is assumed for the
diameter of F-actin), suggests an occurrence of
aggregates of filaments (liquid crystalline particles).
Several pieces of evidence. however, exciuded the
possibility that an cccupation number fluctuation
in the scattering volume of these aggregated par-
ticles could account for the above-mentioned slow
mode. The slow mode indeed resulted from such
slow fluctuations that the data accumulation period
of 3600 s/run was not long enough to obtain a
high statistical accuracy. We inferred that the slow
mode arose from the restricted translational/
rotational Brownian motion of the filament. The
initial fast decay of [g'(z)]? was concluded to
result mostly from bending motions of the fila-
ment, because [gh(z)]° (and also [2'(£)}?) showed
little concentration dependence from 0.01 to 1
mg/ml F-actin. A theoretical model was dis-
cussed, which could explain the initial fast decay
followed by a very slow one of [ g!(7)}>. The model
agreed with the present experimental results
qualitatively but not quantitatively. Difficulties
might arise from the poor knowledge at present
about k; and k, in §=k0/(cL*)* and D, =
kD, /(cL?)?, respectively.

An analysis of power spectra S( /) obtained by
the fast Fourier method confirmed our previous
experimental results. Since S(f) lacked informa-
tion about frequency components lower than
1/2NT Hz (or v/2+ Hz), its profiles even for a 1
mg/ml solution were highly reproducible just as
those of [g4(#)]* and [g'(¢)]* were. A comparison
of power spectra S(f) and correlation functions
[2'(2)]? computed from the same data of {n(z+
mT, T)} on magnetic tapes clarified the reasons
why the bandwidth I" of S(f) [1,4,5] largely dif-
fered from the bandwidth I'" of [g'(£)]? [6-8]. The
most important reason was that our previous a.c.-
coupled spectral method did not detect the very
slow component, which would convey little cr no
information of the filament flexibility but affect
the correlation function very strongly. Even after
very slow components were eliminated, the I" val-
ues were much smaller than the T values of [g'(£)].
This is a natural consequence of the fact that an
analysis in the frequency domain picks more infor-
mation up from low-frequency components
whereas an analysis in the time domain picks more
information up from fast components. The tem-
perature dependence of I' suggested that F-actin
would have some flexibility and that the flexibility
parameter would change with temperature.

Although some progress has been made, we are
still far from a perfect situation for the analysis of
spectral data (both power spectra and correlation
functions) of F-actin sojutions at dilute and semi-
dilute regimes. More experimental and theoretical
studies will be required not only for F-actin but
also for other types of long filaments such as long
viruses [36]. We will discuss elsewhere further stud-
ies including the case of F-actin-HMM complexes
briefly mentioned in section 3.

Appendix A. A comment on I" and T

Let us consider a wide distribution of decay
rates P(I"). The field correlation function and the
corresponding homodyae power spectrum are
given, respectively, by

g (1)=XP(L,) exp(—TI,t) with 3 P(I,)=1

” n

(A1)
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S() =—}_‘-_/;w[g’(t)]2 cos(wt)dr

1 (r,+r,
=—ZZP(17,)P(FM)—,—)2
T n m w'+(1—;,+17")
(A2)
The initial decay rate T" of g!(z) is given by
T=—lim $g'(1)=ZP(L)T, (A3)
r—0 dt '

For a high frequency w; which satisfies w} = (I},
+ I,)? for any pair of n and m, we have from eq.
A2

S(eon) == X T P(L,) P(L, )T, + I,) /o

=@2/7)T/w}, (A4)

Thus, we have I =(7/2)w2S(w,) [3], which is
rather related to Q in our analysis. The spectral
width I, will be defined by

7= lim 2a5(w) = 25 EP(L) P(L,)/

(1;+r,,,)=2/0°°[g'<r)]2dr (AS)

Thus, we have = I, where = I’ only for P(I,)
=§8(I;,—T). Eq. A5 cannot be applied to S(w)
because of S(0)=0. Roughly speaking, however,
I’ of S(w) will approximately be given by

' =23"3'P(L)P(L) /AL, +1,)  (A6)
n m

where primes denote the exclusion of terms for

which (I, + I ) < v is satisfied. Although I' is a

measure of the spectral width, it has no direct

relation with I'.
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