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ABSTRACT Connectin (titin) is a large filamentous protein (single peptide) with a molecular mass of -3 
MDa, a contour length (L) of -900 nm, and a diameter of -4 nm and resides in striated muscle. Electron 
microscopy reveals that isolated connectin assumes a Gaussian coil. This paper describes in some detail the 
analysis of the dynamic light scattering (DLS) spectra for isolated connectin filaments in solution in terms 
of a wormlike chain model with a preaveraged hydrodynamic interaction. The analysis gives the translational 
diffusion coefficient D = 3.60 X 10-8 cm2/s at 10 “C, the mean-square end-to-end distance ( R 2 )  = (163 nm)2, 
and the number yL = 30 and length y-’ = 30 nm of the Kuhn statistical segments. These results give the 
ratio R,/R, = 1.51, which is characteristic of Gaussian coils, and the spatial ranges 0.5 I KR, I 2 and 0.2 5 
K / y  I 1, where R, is the radius of gyration and R, is the Stokes radius. In such spatial ranges as the present 
ones, the numerical method described here may be the simplest of the available numerical methods to analyze 
of those feasible for the analysis of the DLS spectra. Possible effects of sample polydispersity on the analysis 
are also examined. 

Introduction 
Connectin (also called titin) is a large filamentous protein 

(single peptide) with a molecular mass of - 3 MDa, a length 
of -900 nm, and a diameter of -4 nm and resides in a 
striated muscle (for reviews, see refs 2 and 3). Among 
muscle filaments, a thin filament is semiflexible and a 
thick filament is rigid. On the other hand, electron 
microscopy shows that the isolated connectin molecule 
assumes a Gaussian coil (see, for example, Figure 5c of ref 
4). However, few studies have been reported on the 
physical properties of isolated connectin. We have studied 
some aspects of the physical properties of connectin by 
means of dynamic light scattering (DLS) spectroscopy.s 
In the course of that study, it turned out that connectin 
molecules were a good example for application of DLS 
spectroscopy to the study of biological supramolecules with 
a Gaussian-coil nature.6 

Although DLS spectroscopy has been widely used in 
characterizing Gaussian coils in solution in the field of 
polymer physics and chemistry, few applications have been 
made for biological supramolecules with a Gaussian-coil 
nature. As an example of the latter, in the present paper 
the analysis of DLS spectra of isolated connectin is 
discussed in light of a crude theoretical model for a 
wormlike chain with a preaveraged hydrodynamic inter- 
action. 

The usual “bead-and-spring” model of Rouse and Zimm 
for a Gaussian coil (or flexible chain) consists of N Gaussian 
segments, each of average length b, connecting N + 1 
identical beads.7 The segments are assumed to provide 
Hookean restoring forces to the beads. The contour length 
of the coil is given by L = Nb, and its mean-square end- 
to-end distance is given by ( R 2 )  = Nb2 = Lb. Another 
model, the so-called “wormlike chain” model of Kratky 
and Porod,7 considers a continuous space curve with a 
contour length L and a Kuhn statistical segment length 
y-’. For the wormlike chain, ( R 2 )  is given by 

( R ~ )  = 2 ~ ~ [ e x p ( - 2 y ~ )  - 1 + z ~ L I / ( ~ ~ L ) ~  (1) 
Equation 1 becomes (R2) = L/y for yL >> 1, so that 7-1 
and yL in the wormlike chain model for large yL 
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correspond, respectively, to band Nin  the bead-and-spring 
model. The Kirkwood formula for the translational 
diffusion coefficient, D, of Gaussian coils is given by7 

(2) 
where kg is the Boltzmann constant, T is the absolute 
temperature, 7 is the solvent viscosity, and the factor 1.84 
comes from (C/6.rrq)(6/~)~/~(8/3) for ({/67rq) = l / 2  (the 
“segment number” in the original Kirkwood expression 
has been replaced with yL in eq 2 for our continuous chain 
model). The familiar Debye result of the scattering 
function for Gaussian coils is given by7 

(3) 

D = (kBT/3.rrqL)[1 + 1.84(yL)1/21 

P ( X )  = (2/x2)[exp(-x) - 1 + XI 

x = @ ( R 2 ) / 6  (4) 
where K is the length of the scattering vector, K = (4?r/A) 
sin(6/2) (A = the wavelength of light in the medium; 6 = 
the scattering angle). 

The intensity autocorrelation function of the scattered 
light is given by G2(t)  = B{/3[g1(t)I2 + I), where t = mt, 
(m = 1,2, ..., 256; t, = the sampling time), B is the baseline 
level, /3 is a constant, and gl(t) is the normalized field 
correlation function. The expansion method can be used 
to obtain the average decay rate f ;  gl(t) = (1 + m2t2 - 
rn3t3)  exp(-ft). The quantity f / P  is called an apparent 
diffusion coefficient, Dapp 

Summary of Experimental Results 
In the following, we first summarize the experimental 

results for connectin to be detailed elsewhere.5 
An (8 X N)-bit digital correlator (K7032CE, Malvern 

Instruments, Malvern, U.K.) was used to measure G2(t) 
for a 488-nm beam from an Ar+ ion laser (Model 95, Lexel 
Corp., Palo Alto, CA). The temperature of the scattering 
sample was kept a t  10.0 f 0.1 “C. Throughout this paper, 
we express D and Dapp (and any difference from and 
between them) in units of 10-8 cm2/s. We also express K 
in units of 106 cm-1 and (R2)  in eq 1 in units of 10-10 cm2. 
Connectin preparations used were in a partially (in situ) 
proteolized form, called 8-connectin (titin 2).2 Unless 
otherwise stated, therefore, connectin means p-connectin 
throughout this paper. 
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of self-containment, we briefly summarize it in our own 
notations for a continuous chain model with a contour 
length L.lO-l2 The formal expression of gl(t) is given by 

g ' ( t )  = exp(-DK2t)S(K,t)/S(K,O) (5 )  

S(K,t) = (l/L2)JJJ(s,s',t) ds ds' (6) 

where the integrations in eq 6 are carried out over (s and 
s') = [-L/2, L/2]. The explicit expression of J(s,s',t) in 
the free-draining limit is given by 

J(s,s',t) = e ~ p [ - x C ' ( 2 / s ~ n ~ ) ( Q ( n , s ) ~  + Q(n,s')' - 
2Q(n,s) Q(n,s') exp(-t/r,)lI (7) 

where x is given by eq 4 and E' stands for the summation 
over positive integers n. Explicit forms of various quan- 
tities in eq 7 are defined by 

Q(n,s) = sin(n?rs/L) (for odd n) 
= cos(n?rs/L) (for even n) (8) 

7, = (R2)/(3r2n2Dlnl) (for n = 1 ,2 ,3 ,  ...) (9) 

(in the free-draining limit) (10) 

where { is the friction coefficient per unit length of the 
chain. The double integration in eq 6 can be carried out 
analytically for t = 0, yielding the Debye result of the 
scattering function P(x)  = S(K,O) for Gaussian coils (see 
eq 3). The first time derivative of eq 5 at  t = 0 gives 

Drnl = (kBT/{L) 

0 4 1  
I i I 

I I 

1 2 3 K  
Figure 1. D, versus K relationships at 10 "C. Experimental 
data (filled circles) were taken from ref 5. Solid lines show 
simulated results, from top to bottom, (R2) = 2.80, 2.70, 2.60, 
and 2.50 (and r L  = 30). 

Figure 1 shows the Dapp versus K relationships for a 0.7 
mg/mL connectin solution. (To emphasize the low-K 
behavior of Dap , we display Dapp against K, instead of the 
conventional d, throughout this paper.) The dependence 
of Dapp on protein concentrations (0 .84.2 mg/mL) was 
weak, but a slight tendency was observed that a lower 
concentration gave a little larger Dapp It should be noted 
that the D,, at  the lowest K (at the angle of 25O) was only 
very slightly smaller than that a t  the next lowest K (at 
30O). From data in Figure 1, the D value of connectin, 
Dapp at  K = 0, was estimated to be 3.60. Equation 2 gave 
yL = 25 or ( E 2 )  = 3.18 = (178 nmI2 for D = 3.60 and L 
= 900 nm. Noting ( R 2 )  - L/y and 1 . 8 4 ( ~ L ) l / ~  >> 1 for 
large y L ,  we can approximate eq 2 as D - 1.84(k13- 
T / ~ T $ ( R ~ ) - ~ / ~ ,  which gives ( R 2 )  = 2.63 = (162 nm)2, or 
yL = 30 for L = 900 nm. 

The K dependence of the static scattering intensity I(K) 
would provide us with information about the mean-square 
radius of gyration, (R:) (=(R2)/6 for Gaussian coils). 
Because of technical difficulties, our measurements were 
not carried out to sufficiently small K values. Thus, the 
observed I versus K relationship was simply compared 
with lz$(x), where k, is the scale factor and P(x)  is given 
by eq 3. From this analysis, we obtain ( R 2 )  = 2.60-2.70 
= (160 nm)2. Equation 1 gives yL = 30 for ( R 2 )  = 2.66 
= (163 nmI2 and L = 900 nm. Following the method de- 
tailed below, the Dapp versus K relationships were simu- 
lated for ( E 2 )  values from 2.50 to 2.80, and the results are 
shown in Figure 1. The analysis of the contribution to 
Dapp from internal modes of motion suggested again ( R 2 )  
= 2.60-2.70. 

The D value of connectin was 3.60 (and 3.65 at  infinite 
dilution) at 10 "C, which equaled 4.87 (4.94) at  20 "C in 
water. By assuming the specific volume of connectin to 
be u = 0.73 (a typical value for proteins), we obtained the 
molecular mass of connectin to be M = 3150-3100 kDa for 
the literature value of the sedimentation coefficient, s = 
17 S at  20 "C in water.* The light scattering D value is 
of the z average over the size distribution, whereas the s 
value is of the weight average. If this fact is taken into 
account, the molecular mass of connectin is close to but 
a little smaller than 3.0 MDa. This value of molecular 
mass strongly supports our implicit assumption of mo- 
lecular dispersion of connectin in solution. 

Results and Discussion 
1. Brief Summary of Theoretical Backgrounds. A 

theoretical formulation for the field correlation function, 
g l ( t ) ,  of light scattered from a monodisperse solution of 
Gaussian coils was first described by Pecorag For purposes 

Kirkwood formula for D iicited again 
2) 

D = DOL1 +to] 
where 

Do = (kBT/3?rqL) 

f o  = 3.685(yL)'/2a 

where I n ( x )  = [ x 2  + ( ~ n ) ~ ] - ' .  (Also a n ( x )  = Lf(X,n,O), but 
f(X,n,O) given by eq C9 of ref 12 is not as concise as eq 12.) 
Equation 11 will be discussed later. Briefly speaking, eq 
11 describes that Dapp for Gaussian coils increases with x 
and hence K. The excess of Dapp over D comes from the 
contribution from the conformation fluctuations, the terms 
under the summation sim. For later purposes, the 

in the form (cf. eq 

(13) 

(14) 

(15) 
and u = ({/67ro). [The factor 3.685 comes from (6/7W2- 
(8/3).1 

2. Numerical Methods. For the integration of eq 6, 
an adaptive quadrature subroutine (ADAPT) in multi- 
dimensions was used.13 To save computation time, a 
trigonometric relation, C'(2/x2n2) [Q(n,s12 + Q ( ~ , S ' ) ~ ]  = 
l / 6  + y2 + yr2, was used in eq 7,9, where y = s / L  and (y and 
y') = [-l/2, l / 2 3 .  Furthermore, symmetry considerations 
permitted us to reduce the integration ranges over y and 
y'to [0, V 2 1 .  The relative error tolerance EPS = AS(K,t)/  
S(K,t) in the integration itself was first set to be 1 X lP5, 
andE(n,,) = IS(K,O) -P(x)l/P(x) for the maximum mode 
number, n-, in eq 7 was computed; when L = 900 nm 
and y L  = 20-40, E(n,,) I EPS was observed for n,, 2 
30 even at  the highest scattering angle. Thus the com- 
putation of gl ( t )  was carried out for n- = 30, EPS = 1 
X scattering angles of 25" and 30-120' in steps of 
lo", and t = 0 and 2p (p = 0-8) in units of the sampling 
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ref 15) may be used). When the hydrodynamic interaction 
is taken into account in this way, the simulated Dapp versus 
K relationship (label b-1 in Figure 2) becomes close to the 
observed one. In the framework of the present theory, Do 
in both eqs 10 and 16 should be equal to (kBT/3?r?&). 
However, eq 2 (or eq 13 with u = V 2 )  gives D = 3.90 for 
L = 900 nm and yL = 30, which is larger by 0.30 units than 
the observed D value of 3.60. Then when Do in eq 13 was 
put equal to D(obsd)/(l + fo )  for Dapp a t  K = 0 to be 3.60 
but Do in eq 16 to (k~T/3n~&),  we have the simulated result 
shown in Figure 2 (label b-2). The curve with label b-2 
is a little bit steeper a t  large K than the curve with label 
b-1. This is due to the fact that the latter Do is larger than 
the former Do. 

Theoretically speaking, the input parameters for com- 
putation of gl(t) are L and yL, or (R2) and yL. In our 
simulation of the Dapp versus K relationship in Figure 2, 
the input parameters were D(obsd), rL ,  and L. In this 
case, D(obsd) was used to determine the Do value, and 
(R2) was automatically determined by eq 1. Then 
simulation of the Dapp versus K relationship for various 
combinations of L and yL gives the best estimate of (R2) 
through the analysis of the contributions to Dapp from the 
internal modes of motion. It should be noted here that 
eq 18 is very insensitive to the yL values; for example, rl 
(r2) = 0.517 (0.440), 0.495 (0.415), 0.485 (0.403), and 0.479 
(0.396) for yL = 10,20,30, and 40, respectively, whereas 
( R2) and hence x are roughly proportional to the inverse 
of yL (note (R2) - L2/(yL) for large yL). Therefore, we 
can also simulate the Dapp versus K relationship for given 
values of D(obsd), (R2), and yL, where the yL value is 
rather arbitrary; a rough estimate of yL = 25-30 from 
D(Kirkwood) = D(obsd) may successfully be used. Figure 
1 depicts the simulated results for given values of D(obsd), 
(R2), and yL (=30). 

4. Some Remarks. The Kirkwood formula for yL >> 
1 gives R,/R, = (8/3 d2) = 1.50, the size of this ratio for 
Gaussian coils, where R, = ( (R2)/6)1/2 is the root-mean- 
square radius of gyration and R, = (k~TI6rqD) is the Stokes 
radius. We have R,/R, = 1.51 for (R2) = 2.66 = (163 nm)2 
and D = 3.60. Although this excellent agreement of R,/R, 
is perhaps somewhat fortuitous, it strongly suggests that 
connectin is in a Gaussian coil conformation. Since 
estimation of R, from (R2) depends on the model (coil or 
rod) whereas that of R, from D(obsd) does not, the ratio 
of 1.51 ensures our analyses of the I versus K and Dapp 
versus K relationships based on formulas for Gaussian 
coils. 

The overlap concentration is estimated to be c* = (M/ 
NAR 9 = 1.7 mg/mL, where M is the molecular mass (3 
X Id Da) and NA is the Avogadro number. Therefore, 
c/c* for the present concentration of c = 0.2-0.8 mg/mL 
is not much smaller than unity, but the theoretical 
formulation for the dilute regime (c/c* << 1) may be 
applicable in the analysis of experimental data. 

In the non-free-draining limit (h >> 1, where h = u 
( 3 / ~ ) ’ / ~ ( y L ) l / ~  in our wormlike chain model), we have 
approximationsfo >> 1 and f,, >> 1, and hence D(Kirkwood) 

D0fn = D0fo(9/8)1/2(l/?m)2A’,. Then the Langevin relax- 
ation time in eq 9 can be rewritten as T,, = (~/2)(~/3)1/2- 
(a( R2)3/2/k~TA’,). In the same limit, the viscoelastic 
relaxation time has been given as T’,, = (1r/4)(~/3)1/2- 
(tl(R2)3/2/kgTA’,,) (see eqs 81-83 of ref 15). Then we have 
the well-known relation T,, = 27’,,, showing the correctness 
of f,, in eq 17. For (R2) = 2.66, rl = 0.485 ( yL  = 301, and 
D(obsd) = 3.60, eq 9 gives 71 = 515 ps (and, roughly 
speaking, 7 2  - 130 ps and 7 3  - 60 ps). This Langevin 

= DOfo = (1/2)(6/1r)’/2(8/3)(k~T/3?rtl)(R2)-1/2 and D[,,] = 

I I 

1 2 3 K  
Figure 2. Simulated D, versus K relationships at 10 OC. 
Simulations were made for f = 900 nm and rL = 30; free draining 
(label a), partial draining (labels b-1 and b-21, and a hypothetical 
situation (label c; see text). Do in WBB put equal to D(obsd)/ 
(1 + fo) in label b-1 and to (k~T/317 qL) in label b-2. Filled circles 
were taken from Figure 1. 

time, t8, at the experiment. From the table of computed 
results, G2(t) = 1 + [g1(t)I2 was constructed for t = mt, 
(m = 1,2,3,  ..., 256) by use of interpolation subroutines 
(SPLINE and PCUBIC).13 The constructed G2(t)’s were 
analyzed by the same program as that used in the analysis 
of experimental G2(t)’s, yielding simulated Dapp versus K 
relationships. 

The value of D[,,] = (~BT/(L)  in eq 10 and Do = (kBT/ 
3 q L )  in eq 14 can be estimated from eqs 13 and 15 (with 
u = l /2 ,  or = 3 1 ~  by analogy to a string of touching 
spherical beads) for the experimental D value of 3.60 and 
a given yL value; i.e. 

DIn1 = Do = D(obsd)/(l + fo)  

By substituting this D[,,] into eq 10 and Do into eq 13, the 
Dapp versus K relationship was simulated for yL = 30 and 
L = 900 nm (label a in Figure 2). This free-draining limit 
(for DI,,]) of the D,, versus K relationship shows much 
smaller DWp values than the observed ones (circles in Figure 
2). When D[,,] in eq 9 is replaced with D(obsd), the 
simulated Dapp versus K relationship (label c in Figure 2) 
shows much larger Dapp values than the observed ones. 
These preliminary simulations suggest the importance of 
the hydrodynamic interaction on the internal modes of 
motion; D[,,] in eq 10 should depend on the mode number 

3. Effect of Hydrodynamic Interaction on &(t). 
The consideration in this subsection follows our previous 
perturbation method for a semiflexible rod.14 In the 
framework of the Zimm model,ls it is easily shown that eq 
7 with eqs 4 and 8 is highly valid provided that D[,,] in eq 
10 is replaced with 

DIn] = DO11 + f,,I (16) 
where Do is given by eq 14. As in ref 15, a form of f(ls - 
s’l) = u ( 6 / ~ ) l / ~ ( y / b  - s’1)ll2 (for a continuous chain model) 
is assumed for the preaveraged hydrodynamic interaction 
without the excluded volume effect, yielding f o  in eq 15 
and 

f,, f0(9/8)’/2(1/~n)2A’,, (17) 
where the eigenvalues, A’,,, have been tabulated.l6 If we 
put Do = D(obsd)/(l + fo) for u = l/2 as before, we have 

D[,,]/D(obsd) (1 + f,,)/(l + fo )  = r,, (18) 
where f,, can be computed by referring to the tabulated 
values of A’,, (for n > 7, the asymptotic formula (eq 8 in 

n, and Do < D[,,] < D. 
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ships at K < 1 gave a negligibly small C value. Let us 
rewrite eq 5 in the form 

g?t) = exp(-DK2t)[Po(x) + Pint(x,t)l/P(x) 
wherePo(x) = S(K,m) = (7 r /x )  e~p(-x/6)[erf(x~/~/2)1~,9and 
Pint(x,t) [=S(K,t) - Po(x)] is the contribution from the 
internal modes of motion. Since S(K,O) = P(x)  as 
mentioned before, we can easily observe how Pint(x,O) = 
9 / 4 5  + ... is small compared with P(x)  and Po(x) at  x < 
1; Pint(X,O)/Po(X) 0.0043 at  x = 0.44 (K  = 1) and 0.021 
at x = 1. (The sizes of P(x) ,  Po(x) ,  and Pint(x,O) for x in 
the range [l, 71 have been given graphically; note that 
Pht(x,O) is the sum of P2 and P, in that figure.9 Therefore, 
the cumulant expansion method would give Dapp - D for 
x < 0.44 (K < 1) even if Dfnlan(x)’s for small n have 
appreciable values. 

Number of Internal Modes. The numerical results 
in Figure 3 suggest that important contributions to Dapp 
arise from internal modes with n up to 3 a t  the most. This 
situation is qualitatively understood as follows. The 
relaxation time of the nth mode of motion is given by T,, 

= ~ X / ( T ~ K ) ~ D [ , ~  (see eqs 4 and 9). From the Einstein 
relation, the mean-square amplitude of the nth mode is 
given by ( A n 2 )  = 6D[n]~n = 12x/(7rnH2, or ( A n 2 ) =  = 12x/ 
(d2. A “spatial” condition for which the nth mode is 
detected will be (An2)K2 > 1,19 or x > ( ~ n ) ~ / 1 2  (this 
condition for n = 1 is equivalent to a conventional condition 
of KR, > 1). As shown before (see eq 181, we have D[,1 - D/2 (for n = 1 and 21, or 7 n  - 4xl(7r2n2D@). In 
measuring G2(t) ,  we usually set D P t -  = 2 with t,, = 
256t, (t, = the sampling time). For the nth mode to be 
detected, a “temporal” condition will be Tn/& > 20 (the 
nth mode should contribute togl(t) up to the first 20 bins, 
at least, out of total 2561, or x > ( ~ n ) ~ / 2 5 .  That is both 
spatial and temporal considerations suggest a condition 
x > (0.4-0.8)n2 for the internal motions up to the nth 
mode to be detected experimentally. Another view,l2 but 
equivalent to the above one, is that both eq 11 and the 
above cited Dapp = D[1+ Cx + ...I were derived from the 
time derivative of gl(t) a t  t = 0, whereas from an 
experimental point of view, Dapp should be derived from 
the time derivative of gl(t) a t  t = tat at  least. Instead of 
eq 11 we then have Dapp = D + C’DI~] exp(-tdr,)a,(x,t,). 
If q / t s  = 20 is assumed for example, then we have C‘exp- 
(-t$Tn) - C’exp(-n2/20) = 3.5; that is, the effective n- 
of 3.5 is very much smaller than nmax = 30 (cutoff value 
for yL = 30). 

6. r L  Dependence of Dapp for a Monodisperse 
Distribution. When ( R 2 )  and y L  are adopted as the 
input parameters for computation of gl(t>, the contour 
length L is not required as mentioned before. To examine 
possible effects of sample polydispersity, however, L and 
y L  are adopted in what follows. From an electron 
microscopic observation with a very clever technique for 
specimen preparations, the length distribution of connectin 
molecules has been r e p ~ r t e d . ~  The distribution of the 
TIIB fraction of connectin is very sharp (the length 
distribution is sketched in Figure 5), given below), the 
contour lengths ranging from 800 to 1000 nm with the 
number-average length Ln = (904 f 50) nm, the weight- 
average length Lw = (908 f 60) nm, and Lw/Ln = 1.004. 
Since we did not measure the length distribution of our 
own samples, we first assumed a monodisperse situation. 

Case A. Since the experimental D value of 3.60 and the 
assumed L values of 900 and 800 nm were given as input 
parameters, only the yL value was left as adjustable. By 
putting Do = D(obsd)/(l + fo )  in eqs 13 and 16 as before, 
the simulated Dapp versus K relationships were obtained 

2 p  1 2 3 4 x  
I I 

Figure 3. Contributions to DaPp from the internal modes of 
motion. Filled circles show observed values of D, - D (taken 
from Figure l), and the solid line is merely a visual guide. Broken 
lines show computed results of C’D~,p , (x)  in eq 11 at 10 “C for 
(R2) = 2.66, y L  = 30, and n- = 1, 2, 3, and 30 for labels 1, 2, 
3, and 30, respectively. The dotted line shows Dapp - D = DCx 
with C = 0.14 and D = D(obsd). 

relaxation time of 71 - 520 ps can be compared with the 
viscoelastic relaxation time of 7’1 N 290 ps for ( R 2 )  = 2.66 
and g = 1.31 cP at  10 OC. We observe a difference of ca. 
10% between 71 (from eq 9) and 27’1. This difference 
mostly comes from the approximations fo >> 1 and f n  >> 
1, which are not highly valid in our particular case of yL 
= 25-30. Thus, we adopt Hearst’s expression for the 
intrinsic viscostiy,17 [g] = 2.81 X loz3( (R2)3/2/M)h’F(hr), 
with h’ = 2h = 2 ~ ( 3 y L / a ) ~ / ~ ,  which gives [g] = 280 mL/g 
for ( R 2 )  = 2.66, yL = 30, and M = 3 X 106 Da. (Zimm’s 
formula is given by putting h’F(h’) = 1 for h’ >> l,15 which 
gives [g] = 410 mL/g.) On the other hand, the literature 
value of [gl for connectin is ca. 180 mL/g (obtained with 
an Ostwald type viscometer with a mean velocity gradient 
of 500 s-l).* Since we did not measure [gl of our own 
sample, we do not have any definite idea about the 
difference between these two values. However, we have 
to be satisifed with this rough agreement, particularly in 
view of the fact that the measurement of [gl in the 
literature was not originally designed for this kind of critical 
cross-comparison. 

The spatial ranges in our study are characterized by the 
following two inequalities, 0.5 5 KR, I 2 and 0.2 I Ky-l 
(=Kb) 5 1 (y-l = 30 nm for y L  = 30 and L = 900 nm). 
Thus, our situation is neither in the small-K region (KR, 
<< 1) nor in the large-K region (Kb >> 1). Also, it is not 
in the so-called intermediate-K region (KR, >> 1 and Kb 
<< 1). In our particular situation, therefore, the numerical 
method described above may be the simplest of those 
feasible for the analysis of DLS spectra. 

5. On the Internal Modes. The contribution to Dapp 
from the internal modes of motion, C‘D[n]an(x) in eq 11, 
was experimentally estimated as shown by circles in Figure 
3. The broken lines in Figure 3 show the computed values 
of C’D[,p,(x) for ( R 2 )  = 2.66 and y L  = 30, where n- in 
the summation was 1, 2, 3, and 30 (the same as labels 
attached to the broken lines). These numerical results 
suggest the following two points, a t  least. 

Low-KBehavior of Dapp. It has been theoretically 
discussed that the factor C in Dapp = D(1 + Cx + ... ) for 
Gaussian coils has values of 2/15 = 0.1333 and ‘3/75 = 0.1733 
for pre- and nonpreaveraged approximations, respective- 
ly.18 It is easy to show an(%) = 2~ / (7 rn )~  + ... (eq 121, so 
that (l/D)E‘Dtnlan(~), in our preaveraged approximation, 
and Do = D(obsd)/(l+ fo) give C = 0.138,0.140, and 0.140 
for nm, = 10,20, and 30 (cutoff for yL  = 30), respectively. 
The dotted curve in Figure 3 shows D,, - D = DCx for 
C = 0.140 and D = D(obsd). Adifference of ca. 5% between 
C = 0.140 and 0.1333 is unimportant for our point that 
both experimental and simulated Dapp versus K relation- 
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Figure 4. Simulated D. versus K relationships at 10 "C. 
Monodisperse situation. Label A9 denotes case A for L = 900 
nm; y L  values were 35 for label a, 30 for label b, and 25 for label 
c. Label A8 denotes case A for L = 800 nm (D, 's are displyed 
with a shift by one unit); y L  values were 30 for fabel a, 23.5 for 
label b, and 20 for label c. Label B denotes case B for L = 900 
nm (D.,'s are displayed with a shift by two units), y L  values 
were 35 for label a, 30 for label b, and 25 for label c. See text 
for definition of cases A and B. Filled circles were taken from 
Figure 1. 

as shown in Figure 4 (labels A9 and A8). The observed 
Dapp versus K relationship was close to the simulated ones 
for L = 900 nm and yL = 30, or ( R 2 )  = 2.66 = (163 nmP, 
and for L = 800 nm and yL = 23.5, or ( R 2 )  = 2.67 (=163 
nm)2. As expected, the absolute value of the contour length 
isnot important to estimate (R2) .  From Do = (k~T/3?r&), 
eqs 13 and 15 (with u = l/2), the Kirkwood D values a t  T 
= 10 O C  were calculated to be 3.90 (for yL = 30 and L = 
900 nm) and 3.93 (for yL = 23.5 and L = 800 nm). These 
D values were close to, but 8% larger than, the observed 
one. Then the following two alternative simulations were 
made. 

Case B. The u value was calculated from D(Kirkwood) 
= D(obsd): 

u = [D(obsd)/(kBT/3m&) - 1]/3.685(yL)'/2 
This way of adjusting the size of u apparently corresponds 
to adjusting the size of the draining parameter h and/or 
taking the excluded volume effect into account; D = Do [l 
+ fo(l - 0.6092 + ...)1.20 For L = 900 nm and T = 10 "C 
we have u = 0.500 (yL = 25), 0.456 (yL = 30), and 0.423 
(yL = 35). In this case, both the Kirkwood D value and 

in eq 9 were independent of yL values, but ( R 2 )  and 
hence Tn were not. Simulated results for adjusted u values 
are also shown in Figure 4 (label B), which were virtually 
the same as those for u = l/2 (label A9). 

Case C. An effective value of L in Do of eq 14 was 
determined byputtingD(Kirkwo0d) = D(obsd) for u = '/2 
and a given yL; for example, L = 900,976,1100, and 1710 
nm for yL = 25, 30, 40, and 100, respectively. The 
simulated results (not shown) for these L and yL values 
were found to be very insensitive to the yL values and did 
not come close to the observed result for a reasonable range 
of effective L values. The above L and yL give ( R 2 )  = 
3.17, 3.12, 2.99, and 2.88 for yL = 25, 30, 40, and 100, 

u 
OO ' 2  2 

Figure 5. Length distribution N(z )  for connectin as a function 
of z = L/L.. The histogram shows N(z)  for the TIIB fraction of 
connectin (a very rough sketch of Figure 5d in ref 4). The solid 
line shows the Schulz-Zimm function for m = 10, where 
appreciable fractions of filaments with lengths shorter than 0.5L. 
and longer than 1.5Ln are observed; zn = 1.00 f 0.30 and za = 
1.09 f 0.31. (Referring to the description in ref 4 for their electron 
microscopic observation of b-connectin, we assumed m = 10 as 
the worst value of the polydispersity parameter.) 

respectively. Thus, ( R 2 )  decreases very slowly with yL. 
This is the sole reason why the Dapp versus K relationship 
was very weakly dependent on r L  values in this case. 

7. yL Dependence of D a p p  for a Polydisperse 
Distribution. To see the possible effects of a length 
distribution of connectin filaments on the Dapp versus K 
relationship, the Schulz-Zimm distribution function with- 
out the normalization constant is assumed7 

N(z)  = 2"' exp[-(m + l)z] 
where N(z)  is defined as the "number" of filaments with 
length z = L/L, and m is the parameter determining the 
width of the distribution. For this distribution, we have 
L,/L, = (m + 2) / (m + 1). The distribution N(z)  for m = 
10 is depicted in Figure 5. The average of g'(t) over the 
length distribution is given by 

g'(z,t) = exp[-~(z)K2t]S(z,t)/S(z,0) (20) 

D ( z )  = D0(Z)[1 + f o w l  (21) 

Do(z)  = (kBT/3u~L,z) (22) 

fo(z) = 3.685(yL,~)'/~u (23) 
The mean-square end-to-end distance, ( R 2 ) ,  for length z ,  
is given by eq 1 with L = L,z. Equation 16 should be 
replaced with 

DLnl = Do(z )  11 + fo(z)(9/8)'/2(1/*n)2X',1 (24) 

From eqs 21-23, the light scattering D value ((Dapp) 
value a t  K = 0) is given by ( D ( z ) )  = (k~T/3m&,)[(l/z) 
+ 3.685(yL,)1/2( (l/z)1/2)ul, where (g(z) )  = Jg(z)z2N(z) 
dz/Jz2N(z) dz. It is easy to show ( l / z )  = L$L, and 
((l/z)1/2) - (L$LW)1I2 for large m (99% correct for m = 
10). Then we have 

(m L 10) (25) 

(Do(z)) = ( k ~ T / 3 d , )  (26) 
The z average of D, ( D ( z ) ) ,  is given by the Kirkwood 
formula with L = L,. 

The integration over z in eq 19 was replaced with 
summation over 1 2  evenly spaced points from L,A to LJ3 
whereA (<1) andB (>1) satisfiedN(A) = N(B)  = O.OW(1). 
Corresponding to cases A and B for a monodisperse 

where S(z,t) is given by eq 6 for L = L,z and 

( D ( z ) )  = (D"(z))[l+ 3.685(yL,)1/2a1 
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9. Concluding Remarks. We have described, in some 
detail, the analysis of the DLS spectra for isolated 
connectin filaments in solution in terms of a wormlike 
chain model with a preaveraged hydrodynamic interaction. 
The result of the analysis gave the mean-square end-to- 
end distance ( R 2 )  = (163 nm)2 and the number yL = 30 
and length y-I = 30 nm of the Kuhn statistical segments 
for the contour lengthL = 900 nm. The statistical segment 
length of connectin filaments is an order of magnitude 
shorter than those of an cy-helical polypeptide, poly(y- 
benzyl L-glutamate) in dimethylformamide (7-I = 313 
n m P  and of collagen (yl= 340 nm).22 This high flexibility 
of connectin is compatible with the fact that that molecule 
does not contain any a-helical structure but consists of a 
random coil and P-sheet structure.2 Details of the ex- 
perimental part of this study, estimation of elastic moduli 
such as the flexural rigidity, the Young’s modulus, and 
the elastic constant for extension of the contour length L, 
and implications of these results in muscle physiology will 
be given el~ewhere.~ 
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Figure 6. Simulated (Dapp) versus K relationships a t  10 O C .  

Polydisperse situation with m = 10. Labels A and B denote 
cases A and B for L, = 900 nm ((D,,)’s for case B are displayed 
with a shift by one unit); yL, = 35 for label a, 30 for label b, and 
25 for label c. Filled circles were taken from Figure 1. 

distribution discussed above, the following two cases were 
computed for eq 19. 

Case A. Referring to eqs 25 and 26, we put 

Do@) = {D0(Z) )(L,/L,z) (22’) 

( D o ( z ) )  = D(obsd)/[l + 1 . 8 4 ( ~ L , ) ~ / ~ I  (26’) 
Then eq 21 with eqs 23 (for u = l/z), 22’ and 26’ gives 
(Dapp) = D(obsd) a t  K = 0. By using eq 24 with eqs 22’ 
and 26’, the (Dapp) versus K relationships were simulated 
for L, = 900 nm (label A in Figure 6). From L, = 900 nm 
and yL,  = 30, we have ( R 2 ) ,  = 2LW2(2yL, - 1 ) / ( 2 ~ L , ) ~  
= 2.66 (=163 nm)2. 

Case B. If we put 

CJ = [D(obsd)/(kBT/3~&,) - 11/3.685(yL,)1/2 
then eq 21 with eqs 22 and 23 gives (Dapp) = D(obsd) a t  
K = 0. The simulated (Dapp) versus K relationships are 
shown in Figure 6 (label B) for L, = 900 nm. Again, the 
best fit curve was obtained for yL, = 30. 

8. Average of P(x)  over the Size Distribution. For 
simplicity of algebra, we use an approximate form of ( R 2 )  
= L/y = (L,z/y) = [(m + l) /(m + 2)1(L,z/y) = [ ( m  + 
l) /(m + 2)l (R2),z. Then the average of&) over the size 
distribution is given by 

( ~ ( x ) )  = (2/x,2)[(m + 2)/(m + 1)1([1+ x,/(m + 
2)]-‘”+” - 1 + [ (m + l ) / (m + 2)3~,) (27) 

where x ,  = K2(R2),/6. (For small xw the above equation 
gives ( P ( x ) )  = 1 - xz/3 + ... (with x z  = K 2 ( R 2 ) z / 6 )  as it 
should be, where use was made of [(n + 3)/(m + 2)l (R2), 
= Ld~r  = (RZ),). When the I versus K relationship is 
fitted with I (K)  = k,(P(x)) as before, we can find ( R 2 ) ,  
= 2.55-2.65 (m = 10). 


