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ABSTRACT: A thick myofilament has many projections called cross-bridges. In order to see the effect of
cross-bridge motion on the spectrum of light quasielastically scattered from suspensions of isolated thick
myofilaments, a theoretical model for a semiflexible filament? is extended to a situation where each projection
from the filament undergoes thermal fluctuations around its mean position. If activation by calcium ions
would result in an increase of the flexibility of some part(s) of each projection, our simple model could account
for the most part for the excess line width in the activated state over that in the relaxed/rerelaxed one observed
for Limulus thick myofilament suspensions.! On.the basis of the same experimental result, we estimated
the flexibility parameter of the Limulus thick myofilament in the relaxed/rerelaxed state.

Introduction

The main aim of this paper is to discuss a possible
contribution of motions of projections (cross-bridges) to
the line widths of the spectra observed by Kubota et al.!
for Limulus thick myofilament suspensions. Figure 1
sketches one of their results. From this figure, we know
that at K? = 10 X 101 cm™

I'/K? ~ 6D, (in a relaxed state)
I'/K? ~ 10D, (in an activated state)
T'/K? >~ 4D, (in a rerelaxed state) 1)

where T is the average line width, K is the length of the
momentum transfer vector, D and D, are respectively the
overall and the sideways translational diffusion constants
of a single thick filament and D, = (3/4)D in the long-rod
limit.

In another paper,? we showed that the limiting form of
the first cumulant, T, of the correlation function G(7) for
a very long and semiflexible filament is given by

P/K?— [D - (1/3)(Dy - Dy)] + (L2/12)0 +
kyT
-;fz'q (when KL > 1) (2)

where D = (2D, + D;)/3, D, is the lengthways translational
diffusion constant of the filament, L is its length, and 3”1
means the number of bending modes of motion involved
in the scattering process. When we take the long-rod limit
of diffusion constants, i.e., D3 = 2D, D - 1/4(Dy - D;) =
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Dy, (L?/12)6 = Dy, and kgT/{L = D,, eq 2 is written as
I'/K*—~ D, + D, +D;>"1 (when KL » 1) (3)

Equation 3 tells us that each mode of motion contributes
to I'/K? by D, in the limit of KL » 1. For a very long
filament with a slight flexibility we can expect that >~”1
= 2-3 at the highest accessible K value. Actually, the
length of a Limulus thick filament is 4 um in the relaxed
state and 3 um in the activated/rerelaxed state. Thus, we
may have I'/K? = (4-5)D, at, say, K? = 10 X 10 cm™
This estimation can explain the experimental results of
thick myofilaments in the relaxed/rerelaxed state (for
details, see Appendix A). On the other hand, if we try to
explain I'/K? = 10D, on the basis of eq 3, we have to
assume a nonrealistic value for the filament flexibility.
Thus, we have to seek another mode of motion which gives
an extra line width of about 6D;.

Calcium ions induce the extra line width!. In addition
to this, the following facts have already been shown.3*
Congo Red, which can shorten isolated myofibrils in the
relaxing solution, also increases the T value. After heat
denaturation or cleavage of the S1 moiety with papain,
calcium ions do not increase the T value. The dramatic
increase in I' is also suppressed by treating the filaments
with a myosin ATPase inhibitor such as vanadate ions or
by replacing ATP with Cr-ADP. These results clearly
indicate that the extra line width comes mostly from an
“activated” motion of cross-bridges.

In what follows, we consider a simple model where the
core of the thick filament is assumed to be a rigid rod and
each projection from the core fluctuates around its mean
position. The former assumption does not impose any
serious restriction on the present problem, because the
limiting value of T'/K? is a simple sum of various contri-
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Figure 1. Typical experimental results obtained by Kubota et
al.l The relationship of I'/K? vs. K? for the intensity of auto-
correlation functions of scattered light from Limulus thick
myofilament suspensions in a relaxed state (@), in an activated
state (0), and in a rerelaxed state (W). D, = 5.3 X 107 cm?/s for
(®) and 6.4 X 107 cm?/s for (O, W), which were computed from
dimensions of the filament.! Solid lines show simulated results
(see Appendix A); curve 1 for yL = 0.2 and L = 3 um, curve 2
for yL = 0.1 and L = 4 um and curve 3 for yL = 0.05and L =
4 ym,

butions as in eq 2. The model at the present version is
very crude, but it seems to be basically correct.

Model

-The mass distribution along the long axis of the thick
filament is assumed to be given (in terms of the mole-
cule-fixed coordinates) by

m(r) = myS(2)6[x)s[y] +
w/N + 1);5[2 - Jjb - 87(1)]d[x - 67(B)]ély - 87(1)] (4)

where S(z) = 1 for |z| < L/2 and zero otherwise, 4[z] is the
Dirac delta function, j runs from -N/2 to N/2, the z axis
is taken to be parallel to the rod axis, and the cross-sec-
tional area of the filament and the volume of the projection
are included in m; and w, respectively. The integration
of eq 4 over r = (x, v, z) gives myL + w, which is the total
mass of the rod. Thus, m, is the linear mass density of
the core of the thick filament and w is the total mass of
projections (HMM’s) on a filament; w/(N + 1) is the mass
of the single projection, N + 1 is the total number of
projections per filament, and the four projections at the
same z-level were counted as one projection (Figure 2; see
later). The axial repeat period of projections is denoted
by b, i.e., (N + 1)b = L, whereby the helical distribution
of projections is not primarily important in the case of light
scattering. The fluctuation of the jth projection around
its mean position, z = bj, is denoted by §,(t) = [§/(¢), 67(¢),
87(t)], where we assume (0;*(t) ) = (67(¢)) = (67(t)) =0
and (8/5(t)?) = (67(t)?) = (6/(t)?) = (&%) (isotropic). The
scattered amplitude of light from the rod at an orientation
6, or £ = cos 6, is given by (see Figure 2)

a(K £t) = (1/L)  m(r)e® dr =
MmajokE) + my(1/N + 1)L e/ KbiteiKs,) (5)
7

where jy(z) is the zeroth order spherical Bessel function,
m; = w/L is the averaged linear mass density of the dis-
tribution of projections on a rod, and £ = KL/2. Let us
define the correlation function

CK..8,7) = (a(K Et)a*(KE L)) (6)

where () denotes the average over the Gaussian distri-
bution of §,(t) and 7 = |t - t]. Now, we assume (see Ap-
pendix B)

(8;()-8;(t")) = 3(&) expl=7/7)f( -j1  (Ta)

where 7 is a suitably defined correlation time and f(|j -
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Figure 2. Schematic illustration of the structure of a thick
filament. (a) A diagram of a single myosin molecule indicating
the names of various regions; light meromyosin (LMM), and heavy
meromyosin (HMM) which consists of subfragment 1 (S1) and
subfragment 2 (S2). HMM forms a projection (or a cross-bridge)
of and LMM forms a part of the core of the thick filament. (b)
A model structure of a thick filament. K is the scattering vector,
6 is the instantaneous angle between K and the rod axis, and b
is the axial repeat period of the distribution of projections. (c)
A sketch of a thick filament showing a dense distribution of
projections on the surface of the core. Each circle represents two
S1’s of a single HMM, and 82 is not shown. The numbers at-
tached to circles show four strands of ?rojections. (This figure
is drawn on the basis of X-ray results,’ but the relative scale is
approximate.)

J1) is a spatial correlation function. For simplicity of
manipulation, we further assume
fl-jn=1 forlj-j1=1
fG-jp=0 forf-j|>1 (7b)
where [ is an integer (the correlation length). Since the

average of exp[iz(t)] over the Gaussian distribution of z(¢)
equals exp[-(2(t)2)/2], we have

(exp[iK-{8;(t) - 8;(¢}]) =
exp(-K2(6?%)) exp[K*(8%)f(|j - j’|) exp(-7/70)] (8)
From the assumption in eq 7b, it is evident that
exp[K2(6%) exp(-r/m)f(J =N} -1 =
f(j = J ) [exp{K?*(8?) exp(-7/7o)} - 1] (9)

By use of the above results and eq C2 in Appendix C, eq
6 is written as

C(K£E,7) = (my + my)?%o(kE)jo(kE) +
m,2[exp{K?(8%) exp(-7 /7o) — 118(¢,€) (10)

where
m, = my exp(-K2%(8%) /2) (1)
®(£E)=(1/N+ 1V§Z/f(li - J7) exp[i(Kb)(j& - j¥)]
(12)

The field correlation function of scattered light is given
by

G'(7) = exp[-{D - (1/3)(D; — D)}K?r] X
1
(1/2) [ f CKEE MEx(EEs) de dg (13)

where gg(£,£;7) is the Green function of the diffusion
equation for the rotational Brownian motion of the rod,
or the conditional probability that the rod will be found
at an orientation ¢ at time ¢ if it is found at ¢ at time ¢’
(ref 2).

(1) Static Intensity. Since gx(£,£;0) = 6(¢ ~ &), we have
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G1(0) = (mq + m)?(1/2) | jo(k? d
+ m?[1 - exp(-KXENN1/2) [ 2 df (10

where (1/2) fjo(k£)? dt = ¥, (2n + 1)b,(k)? given below and
(1/2) S ®(£,8) d = (m/KL)g(!) given in eq C5 in Appendix
C. Since jy(k&) — (w/k)8(£) as k becomes very large, we
have
G*0) — (mg + my)%(x/KL)S(0) (when KL > 1)
(15a)

my

S<°>=1+(m

(2) First Cumulant T’ of G1(r). The first cumulant
is given by

2
) (1 - eX™g(l)  (15b)

T =-lim 9 In G(7) (16)
or

where “lim” means to take the limiting value at » = 0 of
its operand. When we use the short-time form of the

Green function at KL >» 12
12 (£-8)°
exp [ T amn

we have (see Appendix C in ref 2 and eq C9 in Appendix
8]
tim = 2 [oke)io(kE)ax(e ) ds d —

-K*(L%/12)0 X = /KL (18)

lim 5 2 f [ eerenesm de ay —~

-K*(L?/12)6 X (v /KL)g(l) (19)
Equation 18 comes from rotation of the core of the fila-
ment and eq 19 from rotation of the aligned projections

with the core. Using eq 15, 18, and 19, we have from eq
10 and 16

oy = | -
gK(E’E ’T) = [41r9‘r

I‘/K2"’[D—_(D3 DI)] —9+

my (8%)
(m) —g(l)/S(O)

(3) Formal Expression of G'(r). For the completeness
of the present model, we give the formal expression of
GY(1). For the Green function, we use the following form?

on + 1
gk, = Z( n2 )

(when KL > 1) (20)

P,(§)P,(¢) exp[-n(n + 1)O1]
(21)

(A more complete form of gx(£,£';7) is available,? and it is

not difficult to compute G(r) for that Green function.)

From eq 10, 12, 13, and 21, we have

GMr) = e DK {(my + )2 X (2n + 1)b,(k)%entDor
n=even

+ m,4exp[K2(8%) exp(~7/79)] — L} a,(k)en+1o7} (22)

for even n (23)

k
ba(k) = (1/k) § Jole) dz
bk) =0 for odd n (23a)
2
) E AU = Din(Kb))jnKbS)
J
(24)
In eq 22, the first term in the parentheses just corresponds

ay(k) = (2n + D(N{I- 1
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Table 1
Numerical Values of S(0)— 1in Eq 15b
at K2=10 x 10" em™?

l 6 =5° 5§ =15 5§ =256 § =30

2 0.0004 0.036 0.099 0.141

3 0.0005 0.047 0.129 0.183

6 0.0007 0.062 0.171 0.243

8 0.0006 0.060 0.165 0.234
%5 in nm.

to the Pecora formula for rods.? The evaluation of a,(k)
is rather tedious, but it is evident that },a,(k) = (x/
KL)g(l) at KL » 1.

(4) Remarks. Throughout the present formulation, we
ignored the shape factor P(K) of the projection, because
the size of the projection, about 10 nm in diameter of the
equivalent sphere, gives P(K) of about 0.98 (instead of 1.0)
even at K% = 10 X 10 em™. This kind of neglection was
made for the diameter of the core and the helical distri-
bution of projections.

In eq 4, the four projections were implicitly assumed to
move in a correlated way. However, if we take into account
a dense distribution of projections on the surface of the
core of the thick filament, we could accept such an as-
sumption: The projections 1 at the jth and (j + 3)th
z-levels (see Figure 2¢) will move in a correlated way be-
cause of a strong intrastrand correlation at a large-am-
plitude fluctuation. The projections 1 and 4 at respectively
the (j + 3)th and the jth z-levels will also move in a cor-
related way. Then, we could expect that projections 1 and
4 at the jth z-level would also move in a correlated way.
From this reason, we could expect both intra- and in-
terstrand correlation of cross-bridge motion provided that
the intrastrand correlation has some correlation length [
2 3.

If 4(21 + 1) projections move in a correlated way, the
friction constant in eq B1 in Appendix B should be re-
placed by 4(2] + 1)¢ in the free-draining limit. In such a
situation, we still have relationships 7, = {/k = (6%) /Dpvm
as they are in Appendix B, but (§%) = kgT'/[4(2] + 1)&],
because the elastic constant should also be replaced by 4(2!
+ 1)k.

Discussion

To see the plausibility of the present model, an order
of magnitude estimation is given below. We have myL =
mass of (LMM’s + paramyosin) = 13w, + 24w, = 37w, and
m,L = mass of HMM’s = 35w, in unit of w; (ref 6). We
also' have L = 3 um! (in the activated state) and b = 14.6
nm.” The numerical values of S(0) — 1 are listed in Table
I. From the numbers in this table, we know the contri-
bution of cross-bridge motion to the static intensity.

In order to estimate the degree of contribution from
cross-bridge motion to I'/ K2, we have to know the order
of magnitude of the quantity (82)/7,. From the present
model, it seems to be natural to assume a relationship
(6% /7o = DHMM, where Dy is the diffusion constant of
a single HMM in solution (see Appendix B). For the
present discussion, we assume Dy = 1.0 X 107 ecm?/s
at 25 °C.2 The numerical values of the last term in eq 20
are listed in Table II in units of D,. If we assume ! 2 2,
the estimated values for the contribution of cross-bridge
motion to I'/K? are large enough to almost explain the
extra line width mentioned in the Introduction.

Here, we have to consider another problem, that is, how
long the correlation time 74 is. From the relation (8%) =
Dymmro, we know that 75 = (5 nm)?/(1.0 X 107 cm?/s) =
2.5 us and 7 = (25 nm)2/(1.0 X 1077 cm?/s) = 63 us. The
former time is too short compared with the channel width
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Table IT_
Numerical Values of [m,/(m, + m,)1*2g(U N Dymm/D,)/S(0)
(the Last Term in Eq 20 in Units of D)) at
K?=10 x 10*°cm™? and 7, (us)*

5=5Y 5§ =15 6= 25 6 =30
I o= 2.5 o= 23 o= 63 7= 90
2 3.04 3.26 3.66 3.92
3 3.96 4.20 4.65 4.93
6 5.26 5.49 5.92 6.21
8 5.05 5.28 5.92 6.02

. a Dumm = 1.0 X 1077 ecm?*/sand D, = 5.3 X 107° cm?/s.
5 1n nm.

of the correlator in the experiment (T = 5 us at K% = 10
X 10 e¢m?); that is, the fluctuation due to motion of
projections will decay within one channel width and could
not be detected experimentally. On the other hand, the
latter time is long enough to detect the motion of projec-
tions at T = 5 us. (At K% = 6 X 10° ¢cm™, the observed
extra line width was about 4D, and the channel width at
this K2 value was T = 10 us.) If we assume

(8%) = < (5 nm)>
{82) = (15-25 nm)? (in the activated state)

only the “activated” motion of projections could be de-
tected. In muscle, interfilament spacing is very narrow and
each projection has very little space to move out. On the
other hand, in the case of isolated filaments, each pro-
jection has a wide space to move out. In addition to this,
myosin of this muscle has calcium site(s), so that the
situation assumed above may occur.

When one introduces an extra degree of freedom of
motion, the first cumulant becomes larger by the amount
contributed from that freedom. This additional contri-
bution is weakly dependent on the flexibility parameter
of that freedom, {6%) in the present case. Even when (8%)
— 0, we have [m,/(mq + m{)]’%g()) Dymm. However, the
characteristic time 7, of the fluctuation becomes infinitely
short as (8%) — 0, and the extra degree of freedom con-
tributes, by an amount far below the noise level, to the far
wing of the frequency spectrum. This situation was al-
ready discussed for another model.’ Our present model
suggests that in the activated state, the flexibility of some
part(s) of each projection remarkably increases, resulting
in the increase of the (8%) value.

The following discussion’ may have a close connection
to ours: A reversible transition between order and disorder
of the bridge array (14.6-nm repeat of bridges) occurs as
a function of ionic strength in the narrow range 0.12-0.17.
The transition to disorder with increasing ionic strength
may be associated with radial movement of bridges. If the
bridge array is viewed as very labile and stabilized by
electrostatic interactions, we can imagine that on activation
the array could be “switched on” in a cooperative manner
by changes in charge distribution on the bridges (as results
of binding of calcium ions to, and hydrolysis of ATP on,
each bridge in the activated state).

(in the relaxed /rerelaxed state)

Concluding Remarks

In order to explain the extra line width of about 6D;,
our model required { = 2 in g(I). For this “correlated”
motion of cross-bridges, we have assumed a steric mech-
anism. But, the function f(|j ~ j1) will also be used to
involve any kind of cooperative mechanisms between
neighboring bridges. Since g(!) rapidly reaches its final
value of unity as [ increases, we only need a relatively short
range of the spatial correlation of any kind. Our estimation
of the extra line width depends primarily on assumptions

Macromolecules, Vol. 17, No. 3, 1984

about the values of (%) and . Although it was required
for having a reasonable 7, value, the assumed value of (%)
= (15-25 nm)? in the activated state seems to be rather
large even for an isolated filament. There may be a pos-
sibility that the core of the thick filament becomes a little
bit more flexible in the activated state than in the relax-
ed/rerelaxed one. If this increase in the filament flexibility
occurs, it could contribute to the extra line width (see
Figure 1). We have no firm guide for an appropriate
combination of values of (4?) and I. Our model seems to
be promising, but at the moment, it provides only a pos-
sible explanation for the dramatic increase in the line width
on activation of Limulus thick filaments.

According to the analysis in Appendix A, the flexibility
parameter L of the core of the thick filament is about 0.1
in the relaxed state and 0.05 in the rerelaxed one. The
value of v = 0.017-0.025 um™ is only 3-4 times smaller
than that of the skeletal thin filament.!° If we take into
account the diameter of the core, ~19.5 nm,! we have to
imagine that the Limulus thick filament is very flexible
for a tensile force. Although speculative, a structure which
gives such a filament flexibility will have some connection
with shortening of the isolated filament from 4 to 3 um
on activation.

Acknowledgment. We thank Drs. B. Chu, M. M.
Dewey, and S.-F. Fan of the State University of New York
at Stony Brook for sending us some of their recent results
prior to publication.

Appendix A. Estimation of the Flexibility of the
Core

The mean square amplitude (5,,2) of the lateral fluctu-
ation of the mth mode of bending motion is given by (5,,2)
=106 X 10719/ (2m - 1)*, cm?, for yL = 0.1 and L = 4 ym.}?
Thus, we have K? (5,,2) ~ 103/(2m - 1)* at K? = 10 X 1010
em™ It is known that if K?(5,,2) 2 1, the mth mode
contributes by almost D, to I'/K? (see Figure 5 and Table
Iin ref 10). From this consideration, we can expect ¥,.”'1
= 2-3 or I'/K? = (4-5)D;.

The field correlation function for a solution of a semi-
flexible filament is given by (see eq 21 in ref 10)

g'(r) = exp(-DK?7)S(r) /S(0) (A1)
S(r) = f f ZZZJ(s,s’,T) ds ds’ (A2)

J(s,5,7) = exp[~(K?/6)2"(g,%) X
{R(m,s)? + Q(m,s)? - 2Q(m,s)Q(m,s)e /™| (A3)

(Here we adopt our old model instead of the new one,?
simply because the old model gives almost the same results
at KL = 30 as, and is much easier in numerical compu-
tation than, the new one (see Discussion in ref 2).) The
simulated correlation functions (taking m up to 8 in eq A3)
were analyzed in the same way as for experimental ones.!
Figure 1 shows some of the results, which suggests that the
flexibility parameter L of the core of the Limulus thick
filament is about 0.1 in the relaxed state and 0.05 in the
rerelaxed state. Thus, the v value is in the range
0.025-0.017.

Appendix B. Estimation of the Relaxation Time
To

The random motion of a harmonically bound particle
in solution is described by

{o'(t) + ké(t) = F(t) (B1)

where ¢{ is the friction constant, & is the force constant and
F(t) is the fluctuating force. From eq B1, we have



Macromolecules, Vol. 17, No. 3, 1984

(8(£)-8(t") = 3(8%) exp(-r/7¢) with ry = {/k  (B2)
where (6(t)6°(t)) = (0%)8,, for u, v = x,y, and 2 as in the
text. Equipartition of energy gives k(42) = kgT or

(8%) =kgT/k 710 = (8*)/Dumm (B3)
where Dy = kgT'/{ is the translational diffusion con-
stant of a single HMM in solution. It should be noted that
the elastic constant k is not that of the S2 portion of
HMM but rather that coming from hinge portions be-
tween S2 and LMM and/or S2 and S1.
Appendix C. Some Trigonometric Formulas

Using a formula

in [(21 + 1)x/2
2Zl:cos(px)=sm[( * )x/]_

p=1 gin (x/2) (€1

we have
1 N2
QI KDIE =
N+1 j=§\’/2
sin [(N + 1)Kbt /2]

N+ 1) sin (KbE/2) o~ jo(kE) (when Kbt /2 < 0.3)
(C2)
By use of eq C1 and another formula
2 ip cos (px) =
p=1
0+ 1)sin [('21 + 1)x /2] _ sin? '[(l + 1)x/2]
sin (x/2) sin? (x/2)
we have from eq 12
(N + 1)%(8) = z
!
(;1)[1 + 221cos (Kbtp)] - 221p cos (Kbtp) =
p= p=
sin [(2! + 1)Kbt /2] _ sin? [(l + 1)Kbt /2] 4

sin (Kb¢/2)
Thus, we have for Kb¢/2 < 0.3

(/2 f ®(E0) dt = (r/KLg®)  (©5)

sin? (Kbg/2)

gll) =
N-12 I+1 2
m ;Sl[(2l + 1)Kb/2] + N+ 1 ;Szl(l + 1)Kb/2]

(Cs)
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$,x) = f (Si—‘z‘f)sz =12 ()
0

Since S,(x) < 2, the second term in eq C6 is not important
for ] « N. We also have for | «< N (cf. eq C4)

(————1 )222'2f(li- ) e KbG-7E =( 1 )2 X
N+1) 5577V N+1

1 !
l(?jz)ll + 221cos (Kb¢p)] - 2 le cos (Kbtp)} =
p= p=
(N + 1)2 sin [(2] + 1)Kbt /2]
12 (N + 1) sin (Kbt /2)
Using this relation, we have for Kb¢/2 < (0.3

1 p1 (N +1)2
E.[l(eq C8) dt = —

For b = 14.6 nm” and K? = 10 X 10'° cm™2 (Kb/2 = 0.230),
g() = 0.146, 0.681, 0.887, 1.176, 1.131, and 1.0 for [ = 0,
2, 3, 6, 8, and large ! (=N), respectively.

Registry No. Calcium, 7440-70-2.

+ O(l/N% (C8)

ks
w80 +OU/N?) - (C9)
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