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ABSTRACT: We formulate a model-independent description of time-dependent restricted molecular rotational
motion and apply it to the time-resolved fluorescence depolarization signal from fluorescence-labeled molecules
following polarized excitation. In this treatment, the time-dependent molecular orientation distribution is
equal to the operation of a linear time-development operator on the initial orientation distribution. The
formula for the time-development operator is derived from the equation of motion for the orientation
distribution. The time-development operator is then expanded in time in terms of a complete set of or-
thonormal polynomials. When this expression for the orientation distribution is used to calculate the
time-resolved fluorescence depolarization signal, properties of the orthonormal polynomials allow the signal
to be quantitated uniquely in terms of matrix elements of the differential operators from the equation of
motion. We demonstrate how to obtain the experimental value of the matrix elements directly from the
fluorescence depolarization signal. In this paper, we also describe the application of the model-independent
formalism to fluorescence-labeled myosin cross-bridges in muscle fibers when the fibers are in a variety
of physiological states. We show that the analysis of time-resolved fluorescence depolarization data with
the new formalism and the rotational diffusion in a potential model results in a slight revision of our previous
estimate of the relaxed cross-bridge rotational diffusion constant and the determination of rank 6 order
parameters that were ignored in the previous analysis [Burghardt, T. P., & Thompson, N. L. (1985)
Biochemistry 24, 3731-3735]. The rank 6 order parameters are shown to make a significant contribution
to the proposed steady-state angular distribution of the relaxed cross-bridges. Order parameters of rank
6 do not contribute to the steady-state fluorescence polarization signal and can only be detected with the
time-resolved signal [Burghardt, T. P. (1984) Biopolymers 23, 2383-2406]. We have also applied the
model-independent formalism to new data from fibers in rigor when the fibers are in a configuration such
that the excitation light polarization is perpendicular to the fiber axis and the light propagates along the
fiber axis, so that the fluorescence depolarization signal is sensitive to probe rotational motions about the
fiber axis. We show that in this configuration the rigor cross-bridge is undergoing rapid rotational motion,
probably due to conjugate motion in the actin filament, with a rate that is not significantly affected by the

presence of calcium or when the fiber is decorated with extrinsic subfragment 1 of myosin.

Tme—resolvcd fluorescence depolarization following polarized
excitation is employed to study the nanosecond rotational
motion of elementary subunits of biological assemblies. In this
technique, the elemental subunits are specifically labeled with
a fluorescent probe. Following a brief flash of polarized ex-
citation light, the dipolar fluorescent emission of the probes
is detected as a function of time and the emission polarization.
The calculation of the time course of the polarized fluorescent
emission includes the effects of the finite lifetime and the
nanosecond rotational motion of the probe.

Usually the calculation of the time course of the emission
decay from rotational motion of the probe is done by using
a suitable model for the probe motion. The models generally
used are rotational diffusion (Favro, 1960; Ehrenberg &
Rigler, 1972; Chuang & Eisenthal, 1972) and rotational
diffusion in a potential (Kinosita et al., 1977; Szabo, 1980;
Zannoni et al., 1983). Similar calculations have been per-
formed to determine the effect of probe motion on the shape
of electron spin resonance spectra (McCalley et al., 1972;
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Polnaszek et al., 1973). Recently we have described a cal-
culation of the time-resolved fluorescence depolarization signal
for rotational diffusion in a general model-independent po-
tential (Burghardt, 1985; Burghardt & Thompson, 1985a).
In the present paper, we describe a new method of calculation
for the time course of the emission decay that accounts for
the rotational motion of the probe in a completely model-in-
dependent way.

With model-independent time-resolved fluorescence depo-
larization, the time development of the angular distribution
function, P, is obtained by using a linear, time-development
operator, T, such that P(¢t) = T(¢,t,)P(t;) when t > t;. The
mathematical formula of T is determined from the equation
of motion of P(#). T is then expanded in time in a complete
set of orthogonal polynomials. The coefficients of the ex-
pansion are terms with increasing order in the differential
operator that makes up 7 and that describes the physical
process causing the molecular rotational motion. When this
expression for P(#) is used to calculate the time-resolved
fluorescence depolarization signal, properties of the ortho-
normal polynomials allow the matrix elements of the expansion
coefficients to be determined directly from the fluorescence
depolarization data. Because we need not explicitly specify
T, experimental results are tabulated in their most general
form and can be interpreted without a model. Any model can
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be readily adapted to this formalism.

We have performed a model calculation of rotational dif-
fusion in a three-dimensional angular potential. The model
is used in interpreting fluorescence depolarization data from
5-[[[(iodoacetyl)amino]ethyllamino]naphthalene-1-sulfonic
acid (1,5-IAEDANS)-labeled cross-bridges in relaxed muscle
fibers. An earlier model-dependent analysis of some of this
data using a more conventional procedure (Burghardt &
Thompson, 1985a; Burghardt, 1985) is shown to be in qual-
itative agreement with our new model-independent analysis.
Quantitatively, the two methods are identical except in their
estimates of the cross-bridge diffusion constants which differ
by a factor of 2.

The model calculation is now applied to relaxed fibers in
two geometrical configurations. In the vertical fiber config-
uration, the fiber axis is aligned with the excitation light po-
larization, and in the horizontal configuration, the fiber axis
is rotated to be 90° from the excitation light polarization and
45° to the excitation light propagation direction. By requiring
the model to account for the relaxation rates of the cross-
bridges in both fiber configurations, we have acquired a new
constraint on the free parameters in the model and conse-
quently have been able to estimate experimental values of rank
6 order parameters. The rank 6 order parameters contribute
significantly to the proposed steady-state cross-bridge angular
distribution, making it bimodal as a function of the polar angle
measured relative to the fiber axis. Values of order parameters
of rank >4 cannot be determined from steady-state mea-
surements (Burghardt, 1984). The model calculation for re-
laxed fibers is the first reported model calculation using a
three-dimensional angular potential. A symbolic manipulation
computer program was used for the extensive algebraic ma-
nipulations in the model calculation.

We have also performed new experiments on muscle fibers
in rigor. We have shown previously that 1,5-IAEDANS-]a-
beled cross-bridges in rigor show restricted rotational motion
such that the cross-bridge rotates about an axis parallel to the
fiber axis but not about axes perpendicular to the fiber axis
(Burghardt & Thompson, 1985a). The distinction of the axes
of rotation was achieved by comparison of fluorescence de-
polarization data from rigor fibers in the vertical and horizontal
configurations. The motion detected in the horizontal fibers
is rapid (200-300-ns anisotropy relaxation time) and is ap-
parently caused by conjugate actin motion. Experiments re-
ported here show that the rapidity of the motion is not sig-
nificantly affected by the presence of calcium or when the thin
filament is completely saturated with intrinsic myosin and
unlabeled extrinsic subfragment 1 (S-1).

THEORY

Equation of Motion. The equation of motion for molecular
rotational motion is :

a —
-5 P(Qu0) = HP(Q.1) (1)

where ¢ is time, Q represents the three Euler angles a, 8, and
+ describing the orientation of a coordinate system in space,
H is an operator (that is not necessarily self-adjoint under the
appropriate boundary conditions), and P(£,f) is the probability
density for molecular orientations. If H is not explicitly de-
pendent on time, eq 1 is separable in time and space coordi-
nates so that

P(Q1) = exp[-H(2 - 10)] P(2,t) ()

is the solution to eq 1 when ¢ > ¢;,. The operator exp[—H(¢
— t5)] is the time-development operator, denoted here by T.
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The initial condition, determined by the experimental ap-
plication, is expressed in the expanded form

2/ +1
82

P(Q:to) = 1% Pimn Din,n(Q) (3)

where Df,,,,,(Q) represents Wigner rotation matrix elements.
These matrix elements obey an orthogonality rule such that
(Davydov, 1963)

82

mal’,lam’,mén’,n (4)

S dapit 9Dk, =
0

where an asterisk means complex conjugate, Qq is the domain

05a527r,0$657r,and05'ySZvr,andéiJ-isthe

Kronecker delta. Using eq 3 and 4, we find

20+ 1
8w

Pimn = J., el @p@) ()

Application to Time-Resolved Fluorescence Depolarization.
In a time-resolved fluorescence depolarization experiment, the
intensity emitted by fluorophores specifically attached to el-
ements of the biological assembly is observed. This intensity
is the projection of [v(x)-u.]? onto P(Q,1), where v(x) is a unit
vector in the direction of polarization along which the emitted
light is observed, x is its angle from the lab frame z axis, and
s is the unit electric dipole moment for emission of the
fluorophore. When we express v in a spherical basis using the
transformations

vt = —-(1/2)V(v, + iv,) V=0,

6
vl = (1/2)1/2(vx - ivy) ( )
and in terms of lab frame coordinates using
o = 2D ol Q)
ml

where subscripts “mol” and “lab” refer to molecule and lab-
oratory fixed coordinates, we find

2
[V(X)'ue]z = ZO ZI(_l)MI+’{“e_m“e_"Sm”",D:nj’+n’,m+n(Q) (8)
j=0mm
nn’

XQ2j+1)/1 1 i 11 7
m n -m'—nf\m n —-m-n
where

S"",n’ = Kavl"‘/vl"l + (Kb C052 X +
K. sin? x)v,"vy" + (K sin® x + K, cos? x)v;™vs" +
2(K, - Ky) sin x cos x v,"vy" (9)

and

i ,->

m m; m
are Wigner 3 — j symbols (Davydov, 1963). Constants K, Ky,
and K, in eq 9 are related to the numerical aperture of the
collection optics for emitted light polarized in the x, y, and
z directions of the lab frame (Axelrod, 1979; Burghardt &
Thompson, 1984). The unit vectors v,, v,, and v, in eq 9 point
along the x, y, and z axes in the lab frame. In obtaining eq
8, we have used the relation for Wigner rotation matrix ele-
ments:

htiz )
Dj k(DD 4 (Q) = UZJI(_I)m+k(2j + DD,(@) (10
J=EVIA
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x(jl Jn j)(jl J j)
my my -mJ\ k ky -k

The observed fluorescence signal following an excitation
pulse of infinitesimal duration is (using eq 3, 4, and 8)

F() = Fyexp(-1/7) § dQIv(x)uJ*P(@.0) =

1
Foxp(-t/n T A [ 75 ol (1 /0K, + Ko+

+ SI'IUZ,Z;I,M,A(T) + (1/2)1/2S1’0U2,1;1.m,"(T) +
(1/6)1/2(80’0 + Sl'-l)UZ,O;I,m,n(T)] (1 la)

where 7 is the fluorescence lifetime of the probe and

U2,i;l,m,n(T) =
”el”el(TZ,i,—Z;I,m,n + T2.—i,—2;l,m,n) +
”e_ly'e—l(TZ,i,Z;l,m,n + T2,—i,2;1,m,n) = zl/zuelueo(TLi,—l;l,m,n +
Ty it = 220 (T 1amn + Toigiama) +
(/3 M ue'ue™ + wu N (Toy0mn + Toiguma) (11b)
The term Fj exp(~¢/7) in eq 11a accounts for the amplitude

and time dependence of the signal due to the fluorescence
lifetime. The symbol T}, , is the matrix element

Ti.j.k;l,m,n = L dQDI‘J"(Q) TD{n,n(Q) (123')
o

Kc) TO,O,O;I,m,n

Tijsitmn = j; dOD}i(Q) exp(-HN DL, () (12b)
0

The time dependence in eq 1la is contained in the term
exp(~t/T)T;jkumn When !/,7H < 1, it is appropriate to
expand T4, . in Laguere polynomials, L,(2¢/7), such that
(Abramowitz & Stegun, 1972)

exp(=t/ )T ktmn = €Xp(=1/7) X

L2t/ 7) io[(‘l/z"H)q]i.j,k;l,m,n -
o

L0t/ D E A ki + -+
|
Alg -

When !/,7H Z 1, a similar expansion is performed. This
procedure is described in the Appendix. The functions defined
by

( 1)’L (Zt/T)Z [( /ZTH) ]l.jklmn } (13)

¢n = (2/7)/% exp(=t /T)L(2t/7) (14)
are orthonormal on the interval 0 < ¢ < « such that
S d6,(O8n(t) = b1 (15)

We will show in the next section that the orthogonality of
¢,(¢)’s allows us to uniquely distinguish terms in the series of
eq 13 that make up a fluorescence depolarization curve. The
sums over g in eq 13 can be written in closed form as

(2/7)1% exp(~t/7) T kimn =

1
do(2t/7) ———) +
o2t/ 1+ YorH Jijssimn

2 firH +o
o1 (2t/7) 1+ l/z‘rH)z )
ijkilmn
(VarH)"
¢r(2t/‘f)[ (T-'—"l/z—TH)—':l] + ... (16)

ij.k;lm.n
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Using eq 11 and operator O, defined by

-
we find
F(t) = Fy(r/ 2)1/2§C,¢0,(2t/ 7) (18a)
where
= T pinay [ T (/0K + K+ K

(Or)O,O,O;I,m,n + Sl‘l U2,2;1,m,n(0r) +
(1 /2)1/2S1‘0U2,1;1,m,n(0r) +
(1 /6)1/2(80'0 + Sl)_l) U2,0;I,m,n( Or)] (1 8b)

The coefficients p; ,,, are specified by the initial condition
P(Q,r=0), as shown by eq 5. In our application

P(Q,1=0) = P(Q,t—>=)[u,E(e)]? (19)

where p, is the unit electric dipole moment for absorption, E(e)
is the unit electric field vector of the excitation light, and ¢
is the angle vector E makes with the lab z axis. P(Q,t—=)
is the steady-state angular distribution for molecular orien-
tations and satisfies the steady-state equation HP(Q,t—>«) =
0.

The model-independent, steady-state angular distribution
is

2J + 1

P@t—>=) = ¥ T T Dm(® (20)

J,my,m;

Using eq 4-7 and 10 and an expression equivalent to eq 8 for
[E(€)p,]? we find

pl,m,n =
2J + 1
+
A/ dnt T4 /57
E1E1<J,2,k,—2|l,m> + (E°E°® +
E'E-1)(2/3)Y3(J,2,k,0l,m) -
2V2E0E N T2,k 1)lm) ~
22EVEN 2k~ ) e g (,2,9,2|,n) +
e 12,0, 20ln) + (00 +
', (2/3)1%(J,2,4,0|1n) +
220, %, 71T 2,q, -1 n) + 2120 00,14 ,2,¢,1|1,n)} (21)

af JEVENT,2,k,20lm) +

Some of the order parameters 4., , in eq 21 can be determined
from measurements with time-independent methods (Bur-
ghardt, 1984, 1985; Burghardt & Thompson, 1985a).
With eq 18, using eq 14, 17, and 21, the time-dependent
fluorescence depolarization signal is constructed in a model-
independent form. The unknown parameters are generally the
matrix elements of the operator O,. The linear combinations
of these matrix elements, that are the coefficients C, in eq 18b,
are determined experimentally from time-resolved fluorescence
depolarization curves. The method for experimental deter-
mination of C, is demonstrated in the next section.
Determination of C, from Real Time Resolved Fluorescence
Depolarization Curves. In a real experiment, the excitation
lamp pulse has a finite width that must be convoluted with
the fluorescent emission signal F(¢) [see, for example, Badea
& Brand (1979)]. Under these circumstances, it has been
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shown that the observed signal, F(¢), is
t
F(1) = j; dt'F(z - 1) L) (22)

where .L(¢) is the shape of the lamp pulse. Using eq 18a, we
find

F(0) = For/DEC, [ drg 20 - ) /71L@)  (232)
r=0

F(1) = Fo(r/ 225 Cg 2/ 7) (23b)
r=0

g,(t) is the new function of time in which the observed
fluorescence signal is expanded. Unlike the ¢,(¢)’s, the g,(r)’s
are not orthogonal. The departure of the g,’s from orthogo-
nality depends on the shape of the lamp pulse such that when
the pulse is a 6 function g, = ¢,. Using a general method
described in detail previously (Burghardt & Thompson,
1985b), we numerically calculated the coefficients C, from F(r)
using the formula

C = ZG, f dignF ) (24)

where G, is an element of a matrix formed from the inverse
of the matrix whose elements are g5 drg (£)g,?).

Application of the Formalism to a Real Time Resolved
Instrument and to Fluorescent-Labeled Muscle Fibers. In our
experimental application to myosin cross-bridges in muscle
fibers, we employ low-aperture excitation and collection optics
so that E is linearly polarized and K, = K, = 0. We choose
E to be polarized along the lab z axis (corresponding to ¢ =
0 in eq 19) so that E = (0,0,1). We simultaneously collect
fluorescence polarized in the lab frame z and x axes (corre-
sponding to x = 0° and 90° in eq 8). Under these experi-
mental conditions, the observed signals are

F (1) = F(1,e=0,x=0) =
Fi(r /2" L g,(21/7)Ce=0x=0) (259)
F (1) = F(t,e=0,=90°) =
FO(T/Z)1/zrég,(Zt/T)C,(e=0,x=90°) (25b)

where
20+ 1
Cr(€=0,x=0) = Kc Z pl,m,n [(1/3) X
I,m,n 87('2
(or)0,0,0;I,m,n + (1/6)1/2U2,0;1,m,n(0r)] (250)
21+ 1
Cr(€=0yx=90°) = Kc Zplmn [(1/3) X
Lmn 82

(or)0,0,0:I,m,n - (1 /2)U2,2;1,m,n(0r) -
(1/2)(1/6)'2U, 0 ma(0,)] (25d)

When the relaxation time due to probe motion is long com-
pared to the fluorescence lifetime, O, = (!/,7HY in eq 25. This
approximation is appropriate for our application to muscle
fibers.

The parameters in eq 25 are the following: the coefficients
Dimn that depend on the steady-state angular distribution order
parameters (afc'q) and the absorption dipole moment (u,), the
emission dipole moment (y.), and the matrix elements of A"
The values for g,, i, and some of the aj ;’s can be determined
from independent experimental observations. For myosin
cross-bridges, u, and u, are approximately known for the
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fluorescent probe 1,5-IAEDANS (Mendelson et al., 1973).
The steady-state order parameters for this system are de-
pendent on the physiological state of the muscle, and some of
them are also experimentally known for relaxed cross-bridges
(Burghardt, 1985). Usually only the matrix elements of A”
in eq 25 are the unknowns to be determined in the time-re-
solved experiments.

Model Calculation for Rotational Diffusion in a Potential.
When the operator H describes rotational Brownian motion
in a potential, then

H= i[DrLr + w,L(LV)] (26)
i=1

where D; is the rotational diffusion constant, ; is the rotational
mobility, L; is an operator identical with the quantum me-
chanical orbital angular momentum operator, and V is the
angular potential (Burghardt, 1985). When u, = D,/ kT, where
kT is the thermal energy (Landau & Lifshitz, 1959), and with
the definition f = V/2kT, we find

H= DL + 2L(LS)] @)
i=1

The matrix elements of H, for use in eq 18, are calculated by

using eq 4 and 10 and the relations

LD, (@) = (/D[ ~nm)( + n+ DI'VD,, 0y +
(1/2)[( = n+ 1) + n)]'/2D;, .y (282)

LoD} (@) = (i/2)[( - n)(I + n + D]'/2D3, 0y -
/Dl -n+ 1) + m]'D,, ., (28b)

LDy, (Q) = nD,, ,(Q) (28¢)

from which we find

82

Hjpgqjhg = '2}:_1[1/2(D1 + Dy)j(j + 1) + h(2Ds - D, -

272 , ,
2+ I(Dl -D)IG-U-g-
DG+ q+ DG+ g+ 2)1V2% b ibgsry +
272
B . , _ . x
7+ (P~ DI PG+qg-DG-g+1)
(j -q + 2)]1/25j,j' 611:,/(:’5q—2,q’ +

82 20+1 .y
EJ’TLE,,f’”"'"'\ / “en? (4, jmk|j k(D +

Dy)[I(I + 1) = n?] + 2Dy(n* + nq))(ljingli'g') +
YDy = DY -n+2)(U-n+ DU+ n- 1)+ n)]/?x
(Ljin=2,9U%9"+ /oDy = DY -m)( - n- (I + n+
DU+ n+ 21V jn+2,4l%9") +
Dy +D)[U-n+ DU+ nm(G-q) X
G+ g+ DIV¥Ujn-1,g+1)j%9" + (D, - D)l -n +
DU+ mG-gq+ DG+ P1VALin-1,g-1li"g" +
D -D)[I-m{+n+1)(j-q) X
G+ g+ DIV3(Ujnt+1,g+11i%9" + (D, + D)[U -
Nl +n+ 1)(-q+ DG+ Q1 jnt+1,g-119"}
(29)

20+1 .
fimn = A [ Tt Jo, QDDA (30)

Dz)qz] 6], jrék'k/éq,q/ +

where
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Higher order matrix elements can be calculated from eq 29
by using the completeness relation for the Wigner rotation
matrix elements such that

27 +1
P>

J,m,my 81!'2

Dy, m (DL () = 5(Q - Q) (31)

where 6(Q — @) is the Dirac delta function. Then, for example,
the second-order matrix element, H?y . yv.jmps 18

2J7+1
Hzl’,m’,n’;l,m,n = Z e 5

2 H, I’,M’,n’;J,ml,MzHJ,man;l,m,n (32)
Jm,m, 87

Model Calculation for Free Rotational Diffusion. When
H describes free rotational Brownian motion, then it is given
by eq 27 with f = 0. The matrix elements of this A are derived
by setting f,,, = 0 in eq 29. Because of the simplicity of the
free diffusion model, we have used a symbolic manipulation
program (SMP) to explicitly compute F(¢) and F | () from
eq 25. We find they are given by eq 25a,b with

Co(e=0,x=0) = Co(¢=0,x=90°) = K, [%(K, + K, +
K) /Ko + H(ua at + 020" (e ! + ulu”) +
TR TR TR TR I T TR
2u%, e ] (33a)

and

Ci(e=0,x=0) = ~1,C,(e=0,x=90°) =
2/15(7/2)Kc{”'a-1”'a_] [l"’elﬂ'el(Dl + D2 + 4D3) + (l"'e-luel +
#eoﬂeo)(Dl - D,)] +
”'aly'al[”'e_ly'e_l(Dl + DZ + 4D3) + (l"’e-luel + ""eoﬂeo) X
(D) = D] + Yy(ma e+ w20 [(e™ ! + 003D, +
3D2) + (l"’e_lue_l + /'Lell"'el)(Dl - DZ)] +
3pa " e (D = Dy) = Yauw (SDy + 5D, + 2Dy)] +
3p [ Yape w(5Dy + 5D, + 2D5) + ulu (D, —(Dé)b])}
3

MATERIALS AND METHODS

Chemicals. ATP, ADP, P! PS-di(adenosine-5’) penta-
phosphate (ApsA), myokinase, and hexokinase were from
Sigma (St. Louis, MO). 1,5-IAEDANS was from Molecular
Probes (Junction City, OR). All chemicals were of analytical
grade.

Solutions. Rigor solution was 80 mM potassium chloride,
5 mM magnesium chloride, 2 mM ethylene glycol bis(3-
aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), 5 mM
sodium phosphate, and 0.1 mM dithiothreitol (DTT), pH 7.0.

Relaxing solution had the same composition as rigor solution
except that ATP was added at 4 mM concentration.

Rigor plus calcium solution contained 0.1 or 1 mM Ca?*
in addition to rigor solution without EGTA.

Muscle Fibers. Rabbit psoas muscle fibers were obtained
as previously described (Borejdo et al., 1979) and kept in a
relaxing solution containing 50% glycerol at —15 °C for up
to several weeks. Before the fibers were labeled, they were
transferred to rigor solution, and one to two bundles of one
to three fibers each were mounted vertically or horizontally
ona 1.4 cm X 3 ¢cm rectangular stainless-steel support made
to fit diagonally in a standard fluorescence cuvette [see Figure
1 in Burghardt & Ajtai (1985)]. The fast-reacting thiol
(SH-1) of the myosin cross-bridge in the fiber was labeled with
1,5-IAEDANS as described previously (Borejdo & Putnam,
1977). By this treatment, 86% of the 1,5-IAEDANS is co-
valently attached to SH-1 (Borejdo & Putnam, 1977; Takashi
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et al., 1976). Modification of SH-1 with 1,5-IAEDANS does
not impair fiber contractility even when the degree of labeling
is as high as 0.8 mol of fluorophore/mol of myosin (Nihei et
al., 1974).

Preparation of Subfragment 1 of Myosin. Rabbit myosin
was prepared by a standard method (Tonomura et al., 1966);
S-1 was obtained by digesting myosin filaments with a-chy-
motrypsin (Weeds & Taylor, 1975). The labeling of S-1 with
1,5-IAEDANS was carried out as described by Duke et al.
(1976).

Decoration of 1,5-IAEDANS-Labeled Fibers with Extrinsic
Unlabeled S-1. Fibers were mounted and labeled with 1,5-
TIAEDANS as above. The fibers were then washed with rigor
solution. The decoration of the fibers was done in rigor at 4
°C with a saturating concentration (34 mg/mL) of S-1 for
15 min. The fluorescence measurement was carried out
without removing the unbound S-1.

Decoration of Unlabeled Fibers with Extrinsic 1,5-14E-
DANS-Labeled S-1. The same procedure was used as de-
scribed previously except that unbound labeled S-1 was washed
out of the fibers with rigor solution immediately before the
experiment.

Time-Resolved Fluorescence Measurements. The time-
resolved measurements were performed on an instrument
described previously (Mendelson et al., 1973; Burghardt &
Thompson, 1985a). Fluorescence was excited with vertically
polarized light at wavelengths <370 nm and collected (at 90°)
at wavelengths >450 nm. The decay curves were collected
over a time interval of <1 h. OQur choice of excitation
wavelength causes the excitation of two electronic transitions
in the 1,5-IAEDANS molecule (Hudson & Weber, 1973) and
increases the fraction of “nonspecific” emission (see Results).

We made measurements on muscle fibers in two orienta-
tional configurations. In the vertical configuration, the fiber
axis is parallel to the excitation light polarization so that the
depolarization curves are sensitive to rotational motions of the
probes about axes other than the fiber axis. In the horizontal
configuration, the excitation light polarization is perpendicular
to the fiber axis, and its light propagation vector makes an
angle of 45° with the fiber axis. Decay curves from the
horizontal fibers are sensitive to probe motion about axes
parallel to the fiber axis.

In control experiments, steady-state fluorescence polarization
from 1,5-IAEDANS-labeled fibers in the vertical configuration
was measured. We obtained polarization ratios identical with
those measured previously from labeled fibers in rigor and
relaxation (Borejdo & Putnam, 1977).

Experiments performed on relaxed fibers were done at 22
°C. Experiments on fibers in rigor were done at 4 °C.

Data Analysis. Deconvolution of the finite-width lamp pulse
was done by an iterative reconvolution grid-search method
(Grinvald & Steinberg, 1974; Badea & Brand, 1979).
Goodness of fit was evaluated from the value of x2, visual
inspection of the difference between experimental and theo-
retical curves (the residual), and visual inspection of the au-
tocorrelation of residuals (Badea & Brand, 1979).

Decay curves corresponding to the two polarization com-
ponents of the fluorescence depolarization signal in eq 25a,b
were fitted by varying the fluorescence lifetime (that was
identical for both curves). The amplitudes C,, defined in eq
25¢,d, were computed from the decay curves for each lifetime
choice by the method outlined under Theory (eq 22-24).
Every data set was well fitted by two fluorescence lifetimes.

Model Calculations. Model calculations described under
Theory (eq 26-33) were performed by a symbolic manipulation
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Table I: Fluorescence Lifetimes (ns) of 1,5-IAEDANS Covalently Attached to Cross-Bridges in Skeletal Muscle Fibers®

relaxed

rigor rigor + S-1 rigor + S-1

vertical horizontal horizontal horizontal horizontal

7, (ns) 29 %04 2.5 0.8 54420 50 % 2.0 6.1%05
7, (ns) 20.1 £0.3 19.7 £ 0.7 19.0 £ 2.0 18.0£1.0 200 £ 0.5

?Shown are the means + standard deviations of fluorescence lifetimes from fluorescence depolarization curves fitted by using the model-inde-
pendent analysis with two lifetime components. The subscripts 1 and 2 correspond to the nonspecific and specific probe populations, respectively.
Each number represents an average over at least four experimental curves obtained from independently prepared fibers.

Table II: Theoretical and Experimental Values for the Model-Independent Coefficients C,°

relaxed
vertical horizontal rigor rigor + Ca?* rigor + S-1
expt theory a theory b expt theory a  theory b horizontal horizontal horizontal
7, Cy(L) 0.025 £ 0.006 0.06 = 0.03 0.033 £0.007 0.03 = 0.01 0.07 = 0.03
Co(ll)  0.08 £0.03 0.10 £ 0.03 0.07 £ 0.01 0.08 £ 0.01 0.10 £ 0.03
73 Co(Ll) 0.25£0.02 0.25 0.25 0.293 £ 0.005 0.29 0.29 0.30 £ 0.01 0.29 + 0.01 0.30 £ 0.01
Go(l) 050 £ 0.04 0.50 0.50 0.42 £ 0.01 0.42 0.42 0.42 £ 0.02 0.44 £ 0.02 0.40 £ 0.02
C (L) 0.006 £0.002 0.006 0.009 0.02 £0.01 -0.003 0.016  0.03 £ 0.01 0.015 £ 0.003 0.02 £ 0.02
G (Ih 0019 £0.003 0.017 0.017 0.05 £0.01 0.005 0.033  0.04 £ 0.01 0.029 £ 0.004 0.04 £ 0.02
Cy(L) 0.002 £ 0.001 0.004 % 0.002 0.004 £ 0.002 0.002 £ 0.001 0.004 + 0.002
Cy(l)  0.005 £ 0.001 0.008 £ 0.002 0.006 £ 0.001 0.004 £ 0.001 0.007 + 0.003

“The experimental C,’s were determined by using fluorescence depolarization curves from 1,5-TAEDANS-labeled cross-bridges in muscle fibers.
Shown are the means + standard deviations for C,. 7, and 7, and the accompanying C,’s correspond to the nonspecific and specific probe populations,
respectively. Each experimental number represents an average over at least four experimental curves obtained from independently prepared fibers.

For relaxed fibers, coefflcwnts C, in theory a are obtained by using the rotational dlfoSlon constants D; =
ay = 0.06, a}, = a3_, = 0.002, and aoo = 0.02. Theory b is obtained by using the rotational drffuswn
D,=25X% 10°s™! and Dy =6 X 10° 5™, the order parameters used in theory a, and the rank 6 order parameters aS, = —0.05 and a%
Any experimental C, not explicitly appearing in the table is ~0. No theoretical

and the order parameters agg = (1/81r2)1/2

constants D, =

= afy = -0.025. These models are discussed under Results

D, =7.5%10°s and Dy = 18 X 10°s™!

calculation of C, for r > 1 or for the emission from the nonspecific population was attempted.

program, SMP (Inference Corp., Los Angeles, CA). SMP
is installed on a VAX 750 computer (Digital Equipment Corp.,
Marlburo, MA) and performs explicit symbolic computation.
SMP was used to compute eq 25, using the model in eq 26,
in terms of unknowns that were later specified.

RESULTS

The fluorescence lifetimes, determined from vertical and
horizontal fibers in rigor and relaxation, are summarized in
Table I.  All of the data were fitted with two-exponential
decays. The shorter lifetime emission is attributed to non-
specifically bound probes residing in the muscle fiber on sites
other than SH-1 on the cross-bridge [~14% of the total
number of probes; see Borejdo & Putnam (1977)] and to a
second electronic transition present in 1,5-IAEDANS at ex-
citation wavelengths <370 nm (Hudson & Weber, 1973).
Previous lifetime studies of 1,5-JAEDANS-labeled S-1 in
solution, where the specificity of the probe is very high, indicate
that the longer lifetime is from probes bound to SH-1 (Nihei
et al., 1974).

The number of terms of the series in eq 23 that contribute
significantly to the fluorescence depolarization signal is de-
termined by the rapidity and nature of the rotational motion
of the probes. If the fluorescence depolarization signal from
immobilized probes is measured, C, > 0 and C, = 0 for r >
0. Higher order components (» > 0) will contribute when any
rotational motion is present, but for every motion, there will
be a maximum value of » (r,,,) such that C, =~ 0 when r >
rmax’

In our data-fitting procedure, rotational motion can be
attributed to each of the fluorescence lifetime components
present in the depolarization signal. We found that in every
case the contribution to the fluorescence depolarization signal
from the shorter lifetime component (component 1 in Table
I) was characterized by Cy > 0 and C, ~ 0 for all » > 0. This
result indicates there was no detectable rotational motion in
the nonspecific fluorescent emission. The longer lifetime

component (component 2 in Table I) indicates the presence
of rotational motion that was always characterized by a few
of the lowest order C,’s being finite and the rest zero. In every
case, 7., < 3. The results of these analyses are summarized
in Table IT and are discussed in detail below.

Relaxed Muscle Fibers in the Vertical Configuration. The
model of rotational diffusion in a potential is appropriate for
application to relaxed cross-bridges in muscle fibers. In this
state, the cross-bridges are not attached to actin and are
confined in a mildly restrictive angular potential that is
probably imposed by the interaction of the cross-bridge with
the thick filament (Burghardt et al., 1984). Using eq 20 with
available steady-state fluorescence polarization data (Wilson
& Mendelson, 1983), we have shown previously that, in the
vertical fiber conﬁguration, P(Q, t—>°°) is described by the order
parameters ado = (1/81%)'72, a} = 0.06, a}, = }_, = 0.002,
and af, = 0.02 (Burghardt, 1985) Order parameters of rank
>4 are not detectable by using the steady-state fluorescence
polarization technique (Burghardt, 1984). The coefficients
fi 7"'" defined in eq 30 are computed from the order parameters

a,,, via the relation

P(Q,t—=) = c exp(-2f)

where ¢ is a normalization constant and by eq 20.

Previously, time-resolved fluorescence anisotropy decay
(TRFAD) measurements performed on S-1 labeled with
1,5-IAEDANS and bulk-dissolved have given some indication
of the orientation of the probe relative to the hydrodynamic
principal axis frame of the protein fragment (Mendelson et
al., 1973). From these studies, it is indicated that if

= (sin 8, cos ¢,, sin 8, sin ¢,, cos 8,)

(34)

(35a)
(35b)

and the hydrodynamic principal frame (our molecular frame)
has its z axis along the long dimension of the ellipsoid of
revolution shape given to S-1, then 6, and 6, are <40° and ¢,
= ¢, = 0. Steady-state fluorescence polarization experiments

= (sin 6, cos ¢,, sin 8, sin ¢, cos 6,)
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on random immobilized 1,5-IAEDANS attached to S-1 in-
dicate the angle between g, and u, to be ~37° when the
excitation wavelength is 350 nm and emission is collected at
476 nm. Consistent with our present data and these constraints
is our choice of 8, = 0, 8, = 37°, and ¢, = ¢, = 0.

These choices for u, and g, and 4., ,, leave the diffusion
constants, D;, as the free parameters remaining in the model.
If we assume S-1 is an ellipsoid of revolution with an axial
ratio of 3.5, then our previous conventional analysis of these
data (Burghardt & Thompson, 1985a) suggests D, = D, =
1.25 x 10°s' and D, = 3.0 X 10°s!. We have computed
the model-independent coefficients, C, defined in eq 18b, using
the model with the choices for u,, ., and 4., , quoted above
(we call this model a), for various values of D,, We have
compared these theoretical values for C, with the experimental
values computed from the time-resolved fluorescence depo-
larization curves for relaxed fibers in the vertical configuration
at room temperature. The theoretical and experimental values
for C, are summarized in Table II. We find that the choices
D, =D, =175%10°s"!and D, = 1.8 X 10% 57! lead to
theoretical values of C,, listed under the heading theory a in
Table II that agree with the experimental estimates of C, to
within experimental error. These values for D; are 6 times
larger than those estimated by the previous conventional
analysis.

Alternatively, we have calculated C, using a model that
includes order parameters of rank 6 in the steady-state angular
distribution; we call this model b. The rank 6 order parameters
and the diffusion constants are the free variables in the model
calculation of C,. Model b is proposed because it is consistent
with data from both vertical and horizontal fibers (see next
section). The data from horizontal fibers impose an additional
constraint on the model. Model b is discussed in more detail
in the next section on horizontal fibers. For the choices D,

=D, =25%X105s7,, Dy =6 x10°s7!, af, = -0.05, and S, -

= afG,o = —0.025, we find the theoretical values for C, that are
listed under the heading theory b in Table II. These values
for D, are 2 times larger than those estimated by the con-
ventional analysis. The theoretical values for the C,’s generated
by using model b are not as close to the experimental values
for the vertical fibers as those generated from model a. Model
b is, however, the more reliable since it is consistent with more
of the known constraints.

Our estimates of a§g and af, are independent of the esti-
mates of the values of the other order parameters. The
steady-state fluorescence polarization measurements respon-
sible for the estimates of the order parameters of rank <4 are
independent of the values for 4, , when I > 4. Thus, we are
correct in allowing af,,,,, to vary freely while the lower rank
order parameters are held constant when the time-resolved
data are fitted.

Relaxed Muscle Fibers in the Horizontal Configuration.
In the horizontal configuration, the cross-bridge order pa-
rameters, a,. ,, are derived from the vertical fiber order pa-
rameters by using the transformation (Burghardt, 1985)

pn = ZakDimla = -7/4, 8= 7/2, v =0) (36)
k

A similar relationship holds for the coefficients, f7;,,,. We
have computed C, for horizontal fibers using model a, the
diffusion constants D, = D, = 7.5 X 105s7! and D; = 1.8 X
106 57, the values for a;} , and f7,,, , computed by using eq 36,
and g, and g, (which are independent of the fiber configuration
or physiological state). The results of this computation,
summarized in Table II under the heading theory a, show that
the theory disagrees with what is observed. The disagreement
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cannot be accounted for by altering D; since this cannot alter
the sign of C;(_L). The difference between theory and ex-
periment indicates that the proposed steady-state angular
distribution of cross-bridges in model a does not account for
the time-resolved fluorescence polarization data from hori-
zontal fibers. Model a predicts that for the horizontal con-
figuration the cross-bridges move relatively freely. This
prediction is indicated by comparison of coefficients C,( L)
and C\(]|), calculated from eq 33b for the free diffusion case,
to those from model a. This result is reasonable since model
a allows the cross-bridges to move freely in their o degree of
freedom; i.e., P(Q,t—«) is independent of «. We observe this
effect now since the horizontal fiber configuration is sensitive
to o dependence in P(Q,t—«) while the vertical configuration
is comparatively insensitive to «. Our experimental results
therefore suggest that a more correct model is one with the
proper a dependence in the steady-state angular distribution.
We call this degree of freedom in the cross-bridge its azimuthal
degree of freedom.

The proposed new model (model b that we introduced in
the previous section) incorporates 6-fold azimuthal symmetry
in the steady-state angular distribution since each myosin
filament is known to be in this arrangement in a two-dimen-
sional lattice with actin filaments. Real muscle fibers contain
many sarcomeres, and our experiments are performed on long
segments of single fibers; consequently, the 6-fold azimuthal
symmetry is not expected to persist throughout the sample.
The steady-state angular distribution averaged over the entire
sample is probably independent of « even though individual
cross-bridges may feel an a-dependent potential. A method
for modeling this system is to calculate the fluorescent signal
from one sarcomere with 6-fold symmetry and azimuthal angle
a; relative to a plane containing the fiber axis. The order
parameters for such a sarcomere are, from eq 36

Upp = LDl = 0y~ 7/4, 8=7/2,y=0)  (37)
k

A similar relationship holds for f7;,,, ,. We then integrate over
all sarcomeres (i.e., over a; with 0 < @; < 27) to obtain the
total signal. Terms in the total fluorescence signal that depend
on «, average to zero after integration. Terms that contain
products af,,,,,f,,_,,,,k cancel their o, dependence and contribute
to the total signal.

The order parameters that represent the 6-fold azimuthal
symmetry of the fiber are ajg and al, = a%,. These order
parameters with af, « !/, and af, = !/, would correspond
to a steady-state angular distribution for a single sarcomere
that is proportional to cos? (3a;). The values for the order
parameters, diffusion constants, and dipole moments are
identical with the choices in model b for the vertical fiber. The
results of the computations with model b are shown in Table
IT under the heading theory b. We find we can now quali-
tatively imitate the observed results for the horizontal relaxed
fibers with our theory. However, we emphasize that the
agreement between experiment and theory is only qualitative
since no choice of the diffusion constants D; places the theo-
retical results within the experimental uncertainty of all of the
Cs.

An interesting new feature of the proposed steady-state
angular distribution is introduced by the addition of the rank
6 order parameters. Shown in Figure 1 is a comparison of the
two steady-state distributions used in models a and b. Both
distributions are even on the interval 0 < 8 < 7, where 8 is
the polar angle relative to the fiber axis, so that the distri-
butions are necessarily symmetrical about 8 = #/2. The
steady-state distribution in model b has peaks near 8 = 0 and
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P(Q2,t —c0)

0.030

0.025

0.020

-1.0 -0.5 -0.0

cos B

FIGURE 1: Relaxed cross- brldge steady-state angular distribution as
a function of cos 8 at « = vy = 0. The dashed line corresponds to
the distribution of 2 model w1th order parameters ado = (1/87)'/2,
a3y = 0.06, a3, = a}_, = 0.002, and ajy = 0.02 (model a). The SOlld
line corresponds to the dlstnbutlon of a model w1th order parameters
identical with model a with af, = ~0.05 and a0 = aby = ~0.025
(model b). All distributions are symmetrical with respect to 8 = «/2
(since only order parameters with even rank are included). The model
b distribution is bimodal, indicating two preferred 8 orientations for
relaxed cross-bridges.

/2, indicating a bimodal distribution in 8. Model a does not
have a bimodal feature.

The observed time-resolved results are equivalent, to first
order in time, to a polarization anisotropy relaxation time of
~200 ns. This is the relaxation time reported earlier when
this quantity is computed by conventional analysis routines
(Burghardt & Thompson, 1985a).

Muscle Fibers in Rigor in the Horizontal Configuration.
Model calculations for cross-bridges in rigor have not been
attempted. We report here the experimental determination
of C, from time-resolved fluorescence depolarization mea-
surements.

We have shown previously that rigor cross-bridges show
rapid rotational motion that is not dependent on temperature
when 4 °C < T < 25 °C. This rapid motion is equivalent,
to first order in time, to a polarization anisotropy relaxation
time of ~200 ns. These results were obtained by using con-
ventional analysis routines (Burghardt & Thompson, 1985a;
Burghardt & Ajtai, 1985).

We also find that the rapidity of the rigor corss-bridge
rotational motion is not affected by the presence of calcium
(at concentrations of 0.1-1.0 mM) or when the actin filaments
are decorated with saturating concentrations of extrinsic un-
labeled S-1. All of the horizontal rigor fiber data are sum-
marized in Table II. Typical time-resolved fluorescence de-
polarization curves and their theoretical fits, for rigor cross-
bridges, are shown in Figure 2.

The time-resolved fluorescence depolarization from unla-
beled fibers in rigor that were decorated with 1,5-IAE-
DANS-labeled S-1 showed the actin-attached S-1 moved with
the same rapidity as the rigor cross-bridge.

DiISCUSSION

We have described a model-independent treatment of
time-dependent rotational motion of molecules in biological
assemblies. In this treatment, the time development of the
angular distribution function is obtained by using a time-de-
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FIGURE 2: Time-resolved fluorescence depolarization curves from rigor
fibers in the horizontal configuration. F, (A) and ¥, (B) (see eq
25) are shown as a function of time. The solid line is the theoretical
fit. The lamp profile, the residuals, and the autocorrelation of residuals
are also shown. The latter two curves indicate the goodness of the
theoretical fit.

velopment operator that is expanded in orthonormal functions
of time. The expansion coefficients are terms with increasing
order in the differential operator that describes the physical
processes that cause molecular rotational motion. Matrix
elements of the expansion coefficients are uniquely determined
from experimental data by a method we have developed here.

The model-independent method allows the quantitative
analysis of a time-dependent experiment in terms of elementary
quantities of the system without a model. If a model is chosen,
it can be conveniently handled within the model-independent
theory. A model is used to compute the theoretical value of
the matrix elements measured experimentally. We have
demonstrated the power of our method by making model
calculations for a macromolecule undergoing rotational dif-
fusion in a three-dimensional angular potential. This is the
first time this calculation has been completed exactly on a fully
three-dimensional angular potential.

We have applied this formalism to the motion of myosin
cross-bridges and actin filaments in the actomyosin complex
in muscle fibers that have the fluorescent probe 1,5-IAEDANS
specifically attached to the cross-bridge. The rapidity of ro-
tational motion of cross-bridges in relaxed muscle fibers in the
vertical configuration has been measured and treated theo-
retically by a conventional formalism previously (Burghardt
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& Thompson, 1985a). We have shown here that our mod-
el-independent formalism, used with the rotational diffusion
in a potential model, is in rather close quantitative agreement
with the conventional formalism with regard to the determi-
nation of the rotational diffusion constants of the cross-bridges.
The small difference in results is probably due to features of
the model-independent analysis that are improvements over
the conventional analysis. These improvements are the fol-
lowing: (1) the analysis of F(#) and & | (¢) independently
rather than the analysis of the anisotropy which is a com-
plicated function of relaxation times and fluorescence lifetimes
in ordered systems; (2) the ability to separate the motions
attributed to different lifetimes in the fluorescence decay
(Burghardt, 1985; Burghardt & Thompson, 1985a). Other
quantitative findings for relaxed cross-bridges, such as the time
zero anisotropy, are identical for the two methods of analysis.

Relaxed cross-bridges in the horizontal configuration have
not previously been treated theoretically because of the com-
plication of the conventional theory for a three-dimensional
potential, in the rotational diffusion in a potential model
(Burghardt, 1985). The present formalism successfully handles
this problem and in so doing adds an additional constraint to
the free parameters in the model. This constraint allows the
determination of previously ignored order parameters of rank
6 in the proposed cross-bridge steady-state angular distribution.
These order parameters are not measurable by steady-state
methods.

The newly incorporated order parameters for relaxed
cross-bridges introduce a distinctive bimodal feature in the
proposed cross-bridge steady-state angular distribution in the
polar angle. The presence of a bimodal cross-bridge distri-
bution in rigor fibers has been reported earlier (Burghardt &
Thompson, 1985b; Ajtai & Burghardt, 1986). This feature
now also appears to be present in relaxed fibers, suggesting
it is an intrinsic property of the thick filament.

The rapidity of rotational motion of rigor cross-bridges in
muscle fibers in the horizontal configuration has also been
reported previously (Burghardt & Thompson, 1985a; Bur-
ghardt & Ajtai, 1985). In that work, we suggested that the
cross-bridge motion may be the result of actin filament motion.
We have attempted to investigate this possibility by measuring
the rapidity of the rigor cross-bridge in the presence of ac-
tin-perturbing agents such as Ca?* and extrinsic S-1. The
effect of Ca?* or S-1 on F-actin motion in the 10%~1073-s time
domain is well established (Mihashi et al., 1983; Thomas et
al., 1979; Yanagida et al., 1984; Oosawa, 1980). However,
earlier reports disagree whether or not nanosecond motion is
present in F-actin (Mihashi et al., 1983; Thomas et al., 1979).
If we assume that the presence of Ca?* or S-1 perturbs the
rapidity of actin motion in intact fibers in the nanosecond time
domain, then the present results, that these agents have no
effect on the rapidity of rigor cross-bridge motion in the na-
nosecond time domain (see Table II), suggest the motion is
from flexibility within the cross-bridge. However, our previous
studies indicating that (1) there is only much slower motion
of relaxed cross-bridges under identical conditions (horizontal
configuration, at T = 4 °C) and (2) there is no nanosecond
motion of rigor cross-bridges in the vertical configuration at
room temperature diminish the probability of this explanation
[see Burghardt & Thompson (1985a), Burghardt & Ajtai
(1985), and similar findings using the model-independent
analysis]. The most plausible explanation is that the rigor
cross-bridge is moving as a result of actin filament rotation
about the fiber axis that is not affected by calcium or S-1 in
the intact fiber system. These results pertain only to motions
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faster than a few thousand nanoseconds. The lack of an actin
filament perturbation due to Ca?* and S-1 may be because
we used intact fibers and not reconstituted systems as were
used in the previous studies (Mihashi et al., 1983; Thomas et
al., 1979).

The application of our model-independent analysis to the
motion of rigor cross-bridges in horizontal muscle fibers is a
good demonstration of the analysis technique. Clearly, the
conventional methods of data analysis would have produced
the same qualitative results; however, the conventional methods
are based on a single model so that the quantitative results
derived from it are less generally applicable. With the data
summarized in terms of C,, any model can be applied. The
apparent motion of the actomyosin complex in rigor fibers will
need a model that accounts for properties of the actin filament
as well as the myosin cross-bridge.

The calculation based on the rotation in a potential model,
that was used in the study of relaxed cross-bridges, was per-
formed with the aid of a symbolic manipulation program. This
program proved to be very useful in that the computation of
the fluorescence signal from eq 25, using the initial condition
and the model to determine A, is done in a few lines of sym-
bolic programming language. The explicit symbolic expres-
sions for F\(f) and F (¢), where parameters D,, af,,‘,,, Moy He
and f; ,, , that change from experiment to experiment are in-
cluded symbolically, are stored in a file that can be recalled
and used repeatedly to compute numerical values for F, and
F,. The most complex calculation performed was for the
rotational diffusion in a three-dimensional potential model.
SMP on a VAX 750 took 48 h to do this symbolic calculation.
Once completed, this explicit expression is used to compute
numerical results within a few seconds.
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APPENDIX

In eq 12-18, we describe a procedure to determine the
coefficients of the expansion in time of the relaxation curve.
The assumption that !/,7H < 1, important in the derivation
of eq 13, is not essential to the model-independent approach.
The procedure in the text is part of a more general method
for obtaining the coefficients of the relaxation curve using
Laplace transforms. The general method can be used for any
fluorescence lifetime. Below we briefly outline the more
general procedure.

If R(z) is the relaxation curve, not dependent on the
fluorescence lifetime, then

R@) = Ta;, f daD}(Q) exp(-H1)D(Q)  (Al)
ij Q

where a; ; is some constant and D) is a Wigner matrix
element. Equation Al is Laplace-transformed to give

o j; " dt exp(~at)R() =

R(0) - Zay, f dD}(Q)———=——D/() (A2)

1+H/

With eq A2 and an appropriate choice for the positive, real
constant « (a choice that makes H/a small), we can determine
the lowest order (in H) matrix element from R(¢). This is what
must be done when rH > 2. Ineq 12~-18, we have used 1/7
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as « in eq A2 since, for our system, r is known to satisfy the
requirement that 4 <« 1.

Registry No. 1,5-IAEDANS, 36930-63-9.

REFERENCES

Abramowitz, M., & Stegun, 1., Eds. (1972) Handbook of
Mathematical Functions with Formulas, Graphs, and
Mathematical Tables, pp 773-802, U.S. Government
Printing Office, Washington, DC.

Ajtai, K., & Burghardt, T. P. (1986) Biochemistry (in press).

Axelrod, D. (1979) Biophys. J. 26, 557-573.

Badea, M., & Brand, L. (1979) Methods Enzymol. 61,
378-425.

Borejdo, J., & Putnam, S. (1977) Biochim. Biophys. Acta 459,
578-595.

Borejdo, J., Putnam, S., & Morales, M. F. (1979) Proc. Natl.
Acad. Sci. US.A. 76, 6346~6350.

Borejdo, J., Assulin, O., Ando, T., & Putnam, S. (1982) J.
Mol. Biol. 158, 391-414,

Burghardt, T. P. (1984) Biopolymers 23, 2383-2406.

Burghardt, T. P. (1985) Biophys. J. 48, 623-631.

Burghardt, T. P., & Thompson, N. L. (1984) Biophys. J. 46,
729-738. .

Burghardt, T. P., & Ajtai, K. (1985) Proc. Natl. Acad. Sci.
US.A. 82, 8478-8482.

Burghardt, T. P., & Thompson, N. L. (1985a) Biochemistry
24, 3731-3735.

Burghardt, T. P., & Thompson, N. L. (1985b) Biophys. J. 48,
401-409.

Burghardt, T. P., Tidswell, M., & Borejdo, J. (1984) J. Muscle
Res. Cell Motil. 5, 657-663.

Chuang, T. J., & Eisenthal, K. B. (1972) J. Chem. Phys. 57,
5094-5097.

Davydov, A. S. (1963) Quantum Mechanics, pp 145-169,
NEO Press, Ann Arbor, MI.

Duke, J., Takashi, R., Ue, K., & Morales, M. F. (1976) Proc.
Natl. Acad. Sci. US.A. 73, 302-306.

BURGHARDT AND AJTAI

Ehrenberg, M., & Rigler, R. (1972) Chem. Phys. Lett. 14,
539-544,

Favro, L. D. (1960) Phys. Rev. 119, 53-62.

Grinvald, A., & Steinberg, J. Z. (1974) Anal. Biochem. 59,
583-598.

Hudson, E. N., & Weber, G. (1973) Biochemistry 12,
4154-4161.

Kinosita, K., Kawato, S., & Ikegami, A. (1977) Biophys. J.
20, 289-305.

Landau, L. D., & Lifshitz, E. M. (1959) Fluid Mechanics,
p 228, Pergamon Press, Elmsford, NY.

McCalley, R. C., Shimshick, E. J., & McConnell, H. M.
(1972) Chem. Phys. Lett. 13, 115-119.

Mendelson, R. A., Morales, M. F., & Botts, J. (1973) Bio-
chemistry 12, 2250-2255.

Mihashi, K., Yoshimura, H., & Nishio, T. (1983) in Actin:
Structure and Function in Muscle and Non-Muscle Cells
(dos Remedios, C. G., & Barden, J. A., Eds.) Chapter 10,
pp 81-88, Academic Press, New York.

Oosawa, F. (1980) Biophys. Chem. 11, 443-446.

Polnaszek, C. F., Bruno, G. V., & Freed, J. H. (1973) J.
Chem. Phys. 58, 3185-3199.

Szabo, A. (1980) J. Chem. Phys. 72, 4620-4626.

Takashi, R., Duke, J., Ue, K., & Morales, M. F. (1976) Arch.
Biochem. Biophys. 175, 279-283.

Thomas, D. D., Siedel, J. C., & Gergely, J. (1979) J. Mol.
Biol. 132, 257-273.

Tonomura, Y., Appel, P., & Morales, M. F. (1966) Bio-
chemistry 5, 515-521.

Weeds, A. G., & Taylor, R. S. (1975) Nature (London) 257,
54-56.

Wilson, M. G. A., & Mendelson, R. A. (1983) J. Muscle Res.
Cell Motil. 4, 671-693.

Yanagida, T., Nakase, M., Nishiyama, K., & Oosawa, F.
(1984) Nature (London) 307, 58-60.

Zannoni, C., Arcioni, A., & Cavatorta, P. (1983) Chem. Phys.
Lipids 32, 179-250.



