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Abstract. A fluorescence depolarization study of the or- 
ientational distribution of crossbridges in dye-labelled 
muscle fibres is presented. The characterization of this dis- 
tribution is important since the rotation of crossbridges is 
a key element in the theory of muscle contraction. In this 
study we exploited the advantages of angle-resolved ex- 
periments to characterize the principal features of the or- 
ientational distribution of the crossbridges in the muscle 
fibre. The directions of the transition dipole moments in 
the frame of the dye and the orientation and motion of the 
dye relative to the crossbridge determined previously were 
explicitly incorporated into the analysis of the experimen- 
tal data. This afforded the unequivocal determination of 
all the second and fourth rank order parameters. Moreover, 
this additional information provided discrimination be- 
tween different models for the orientational behaviour of 
the crossbridges. Our results indicate that no change of or- 
ientation takes place upon a transition from rigor to relax- 
ation. The experiments, however, do no rule out a confor- 
mational change of the myosin S 1 during the transition. 
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Introduction 

The origin of the contractile force in muscle has been the 
subject of research throughout this century. The introduc- 
tion of the sliding filament theory has proven to be a cru- 
cial breakthrough in the understanding of muscle contrac- 
tion (Huxley 1957; Huxley 1957). In a contracting muscle 
actin and myosin filaments slide past each other without 
changing length. Twelve years later the rotating cross- 
bridge model was proposed which suggests that the slid- 
ing of the filaments is brought about by a change of orien- 
tation of the crossbridges during a transition from weakly 
to strongly bound to the actin filament (Huxley 1969; Hux- 
ley and Simmons 1971). 
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Since the rotation of the crossbridges is a key element 
in the theory of muscle contraction, much research effort 
has been devoted to the characterization of the orienta- 
tional distribution of the crossbridges in the strongly and 
weakly bound states. To this end fluorescence and phos- 
phorescence depolarization techniques have been used ex- 
tensively, however, without producing a consistent pattern 
(Cooke 1986; Thomas 1987, 1993). 

A case in point are studies using probe molecules at- 
tached to the myosin SH1. In their earlier studies Ajtai and 
Burghardt reported distinct angular distributions of the 
long axes of the crossbridges relative to the fibre axis under 
rigor and in the presence of MgADP (Ajtai and Burghardt 
1986). More recent work leads the same authors to con- 
clude that the actin-bound crossbridges rotate predomi- 
nantly about their long axes upon binding MgADP (Bur- 
ghardt and Ajtai 1992; Ajtai et al. 1992). In contrast, other 
studies only find a broadening of the orientational distri- 
bution of the crossbridges and an increase in their mobil- 
ity on a microsecond timescale upon binding ATP (Stein 
et al. 1990; Tanner et al. 1992). An added complication is 
that studies using fluorescent analogues of ATP suggest 
that no rotation of the crossbridges takes place (Yanagida 
1985). 

The comparison of all these studies is hampered by the 
fact that distinctly different models are used to describe 
the experimental data. For instance, the model introduced 
by Borejdo et al. (1982) explicitly assumes that the dye 
molecules attached to the crossbridges in the muscle fibre 
all have one and the same polar angle/3 relative to the fi- 
bre axis, but in the presence of a significant fraction of ran- 
domly oriented dye molecules. On the other hand in the 
double cone model used by Thomas and coworkers (Lu- 
descher and Thomas 1988; Stein et al. 1990), the dye mole- 
cules are assumed to lie within a cone, which itself lies 
within a second cone at an orientation/~ relative to the fi- 
bre axis. 

In this context it is important to note that the fluores- 
cence depolarization does not yield direct information 
about the orientational distribution of the crossbridges in 
the muscle fibre. In principle the experiment only reveals 
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the second rank order parameters of the absorption and 
emission dipole moments and their 3 correlation functions. 
This limitation is a direct consequence of the fact that only 
dipole-allowed transitions are monitored because of the 
negligible contribution of multipole radiation to the fluo- 
rescence process (B irks 1970). A reliable interpretation of 
the experimental data in terms of the orientation of the 
crossbridges now requires the unambiguous determination 
of all the experimentally accessible information about the 
transition dipole moments. 

A drawback of conventional fluorescence depolariza- 
tion studies on muscle fibres is the use of a fixed 90 ° scat- 
tering geometry. These experiments yield 3 independent 
polarization ratios (Wilson and Mendelson 1983) and con- 
sequently cannot be used to disentangle the second rank 
order parameters and correlation functions. As the inter- 
pretation of the data is ambiguous, the extraction of the in- 
formation about the orientational order in the fibre relies 
heavily on the formulation of models. In contrast, the or- 
der parameters and correlation functions can be extracted 
unequivocally from angle-resolved fluorescence depola- 
rization data (Kooyman et al. 1981; Van der Meer et al. 
1982; Van Gurp et al. 1988; Van der Heide et al. 1992a). 
These angle-resolved fluorescence depolarization (AFD) 
experiments have been used for over a decade in studies 
of order and dynamics in macroscopically aligned lipid bi- 
layers. This approach has also found applications for the 
determination of the directions of the transition moments 
in the molecular frame of fluorescent molecules embed- 
ded in stretched polymer films. 

The order parameters and correlation functions of the 
transition dipole moments contain all the available infor- 
mation about the orientational order of the crossbridges in 
the muscle fibre. This information is, however, limited to 
the second and fourth rank order parameters of the cross- 
bridges. In order to recover all of these order parameters 
we need to take into account the three factors contributing 
to the depolarization of the fluorescence (Van der Heide 
et al. 1992 a): 1) the orientation of the crossbridges in the 
muscle fibre, 2) the orientation and rotation of the dye 
molecule relative to the crossbridge and 3) the directions 
of the transition dipoles in the frame of the dye. Knowl- 
edge of the latter two factors is a prerequisite in the recov- 
ery of the order parameters of the crossbridges and for this 
reason they have been characterized previously for the two 
cysteine binding dye molecules, 1,5-I-AEDANS and E5M 
(Van der Heide et al. 1992a, b). 

Here, we combine this knowledge with the order pa- 
rameters and correlation functions determined from angle- 
resolved measurements for characterizing the order pa- 
rameters of the crossbridges. To this end experiments were 
carried out on muscle fibres labelled with 1,5-I-AEDANS 
(5-iodoacetamido-ethyl-amino-naphthalene-a-sulphonic 
acid) and E5M (eosin-5-maleimide). Data sets were col- 
lected at different excitation wavelengths in order to uti- 
lize the various orientations of the absorption dipole mo- 
ments in the dye molecules. 

The fibres were studied in rigor and relaxation at a phys- 
iological ionic strength of 160 mM. In rigor, the majority 
of the crossbridges will be attached to the actin filament 
in the strong binding state, whereas in relaxation an equi- 

librium exists between weakly bound and unbound cross- 
bridges. This equilibrium can be shifted by varying the 
ionic strength of the relaxation solution (Brenner et al. 
1982). In order to maximize the differences between the 
two states we also studied fibres in relaxation at an ionic 
strength of 300 mM where the crossbridges are expected 
to be unbound, All data sets obtained from fibres in a given 
physiological state were analyzed simultaneously. This ap- 
proach relies on the fact that the differences in the depo- 
larization data arise solely from the different orientations 
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of the transmon dipoles in the frame of the dyes and the 
distinct orientations of 1,5-I-AEDANS and E5M relative 
to the S1 (Van der Heide et al. 1992 a). 

The second and fourth rank order parameters of the 
crossbridges have been extracted from the depolarization 
ratios in a model independent way. However, the recon- 
struction of the orientational distribution function from 
these parameters calls for the use of models. We have here 
tested three models for consistency with the observed or- 
der parameters. The first model (A) postulates a popula- 
tion of crossbridges at a fixed orientation with an addi- 
tional randomly oriented component. In the second model 
(B) the crossbridges are assumed to lie within a cone. The 
last model (C), based on the Maximum Entropy Method 
(Levine and Tribus 1979), yields the smoothest distribu- 
tion function consistent with the order parameters. 

Theory 

a. Angle-resolved fluorescence depolarization 

We shall now consider a steady-state AFD experiment on 
labelled muscle fibres aligned along the z-axis of the la- 
boratory frame. The fibre is illuminated with polarized 
light while the polarization of the fluorescence emission 
is subsequently detected at various angles N relative to the 
direction of the incident light (Fig. 1). For dipole allowed 
transitions (Birks 1970), the excitation and emission prob- 
abilities of a given molecule are proportional to (~i ' 1i) 2 
and (~f- ~)-~ respectively. Here ei and Of are the polarization 
of the~incoming and detected light and 11 and f, represent the 
absorption and emission dipole moments of the molecule. 
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Fig. 1. The scattering geometry of the angle-resolved fluorescence 
depolarization experiment on a vertically mounted dye-labelled 
muscle fibre 



The fluorescence intensity Iif can be expressed in terms 
of factors describing the molecular order and dynamics of 
the probe molecules in the sample and factors dependent 
on the geometry of the experiment (Van Gurp et al. 1988; 
Van der Heide et al. 1992 a). The explicit expressions for 
the intensities Ira,, Ihv, Ivh and Ivv for a vertically mounted 
fibre are 

lm,(N ) o: 1 - S  -Sv+Go + 3cos(2lt t) G2 , (1 a) 

Ihv(V ) ~ 1 - S u + 2 S v - 2 G o ,  ( lb )  

Ivh(V ) o~ 1 + 2 S v - S v - 2 G  o , (1 c) 

Ivv(V ) o~ 1 +2S~+2Sv+4G o . (1 d) 

Here the first index denotes the direction of the excitation 
polarizer, vertical or horizontal, and the second index de- 
notes the direction of the emission polarizer. The order pa- 
rameters Sp and S v are the second rank order parameters 
of the equilibrium orientational distribution of the absorp- 
tion and emission dipole moments respectively. The cor- 
relation functions are determined by both the equilibrium 
orientational distribution and the rotational motion of the 
dye molecules between the time of absorption and emis- 
sion. If the molecules do not rotate on the time scale of the 
fluorescence lifetime, the correlation function G k(t) are 
time independent and can be expressed in terms of linear 
combinations of the second and fourth rank order param- 
eters (Van Gurp et al. 1988). 

b. The extraction of the order parameters 
of the crossbridges 

In this section we present the formal mathematical frame- 
work for the extraction of the order parameters of the cross- 
bridges from the fluorescence depolarization experiments. 
To this end we shall separate three orientational transfor- 
mations: 1) the crossbridge relative to the fibre axis (.Q~); 
2) the dye molecule relative to the crossbridge ('QR) and 
3) the transition dipole moments in the frame of the dye 
molecule (-Q~ and "Qv), with £2 the Euler angles (~z,/3, y). 
Furthermore we take into account the fact that the dye 
molecules 1,5-I-AEDANS and E5M move relative to the 
myosin S 1 on a nanosecond timescale (Van der Heide et al. 
1992b). In contrast, the dynamics of the crossbridges in 
muscle fibres are too slow to be observed on the timescale 
of the fluorescence experiment (Stein et al. 1990). 

Equations (1 a - d )  show how the order parameters Su 
and S v for the absorption and emission dipole moments 
and the correlation functions G O and G2 can be determined 
from the observed depolarization ratios. On using the clo- 
sure relation of Wigner functions (Rose 1957; Zannoni 
1979) we now find 

2 

S~ : i, j~=-~ (D2i('Qx)} {Di~(.QR)} D20 ( a p ) ,  (2a) 

2 
2* 2* 2* 

Sv= ~ {D~)I(-Qx)){Dim('QR))Dmo('Qv), (2b) 
l , m = - 2  

2 

= D#n (-QR) D[,i('Qx) D~. ('QR)) 
/j,kl=-2 (2C) 

2* "Dmo(.Qv) D)o(-Q~), k : 0 , 1 , 2  
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with the order parameters of the crossbridges in the mus- 
cle fibre 

I df2x D/nn(~2x) f~(-Qx) (3) j 8 ;  
and the order parameters of the dye molecules in the cross- 
bridge frame 

{D:"(-QR)) = I d o e  Dlm"('QR)fR('QR) ' (4) 
8/1:" 

Here fx (-Qx) is the orientational distribution of the cross- 
bridges in the muscle fibre andfR (-QR) is the orientational 
distribution of the dyes relative to the crossbridge. 

The correlation functions (Eq. (2 c)) reflect the coupled 
stochastic motions of the dye molecules and the cross- 
bridges in the muscle fibre. Here, -Qx, -Qn are the incom- 
ing and -Q~, -Q~ the outgoing orientations. Now, the cor- 
relation functions G k can be expressed as the ~roduct of 
the correlation functions of the crossbridge G~,ki and of 

D the dye molecules Gl,,,,O 

2 

ok E x v - Ghn,ij : DT o(av) N0(&)  (5) 
i j ,  hn = - 2  

with 

G/,i,k =(D~Z* ('Qx)' D~:i('Qx) (6a) 

and 

Gi,,,,ijD =(Dim (.QR) , (6b) 

X The correlation functions of the crossbridge Gkl, k i can be 
expressed as a linear combination of the second and fourth 
rank order parameters of the crossbridges in the muscle fi- 
bre (Zannoni et al. 1983; Van Gurp et al. 1988). The cot- > 
relation functions of the dye molecules Glm,i j reflect the 
motions of the dye relative to the crossbridges. On assum- 
ing a mono-exponential fluorescence lifetime function 
F(t) = rF I exp (-  t/rF), the time-averaged correlation func- 

D tion GI,,,~j can be expressed as 

- G#,.i j Gtm,~j(~o). (7) Gim'ia r + r F ' 

The correlation functions of the dye molecules at time t= 0 
can be expressed as a linear combination of the second and 
fourth rank order parameters of the dye molecules relative 
to the crossbridges whereas at time t= ~ they are equal to 
the product of the second rank order parameters (Zannoni 
et al. 1983; Szabo 1984; Van Gurp et al. 1988). 

The angle-resolved geometry used in this study does 
not allow the determination of the correlation function G~. 
However, this correlation function can be derived from the 
correlation function Go and G a and the steady-state fluo- 
rescence anisotropy (Zannoni et al. 1983) since 

Go(t)+ 2G~ (t)+ 2G2(t)=P2(P~=o" vt) • (8) 

It is now clear that many parameters enter the analysis of 
the depolarization data. However, the orientations -Qu and 
-Q~as well as the orientational distribution functionfR ('QR) 
and the rotational correlation time rare determined in sep- 
arate experiments. Therefore, only the order parameters of 
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the crossbridges in the muscle fibre have to be extracted 
from the data. 

It is important to stress that the explicit incorporation 
in the analysis of the orientation of the dye molecule rel- 
ative to the crossbridge as well as the directions of the tran- 
sition dipole moments of the dye molecules allows us to 
extract more order parameters than (Pc) and (P4}" In par- 
ticular, the order parameters of rank 2 and 4 which depend 
on the rotation of the crossbridges about their long axes 
can now be recovered. This is indeed the merit of our ap- 
proach to the analysis. 

The non-zero order parameters entering the analysis are 
determined by the following symmetries: 

1. The distribution function of the crossbridges is invari- 
ant under a rotation around the fibre axis (Z-axis). This 
implies that all ax-dependent order parameters vanish 
so that (D/~ (f2x)) D l = < , n n  (G)> 6,.o. 

2. The distribution function of the crossbridges possesses 
mirror symmetry in the plane perpendicular to the fi- 
bre axis (XY) and the plane through the fibre axis (XZ). 
Consequently (D/,~ (~Q~)) = (-1)l(D/,. (£2x)), showing that 
all order parameters with odd 1 vanish. Furthermore 
(Jo  (G))= (-1)n(DL. (G)). 

Because no other symmetries can be assumed a priori, 8 
distinct non-zero order parameters survive: (D~.) with 
l = 2, 4 and 0 _< n < l. These parameters are optimized in the 
numerical analysis of the data. In order to satisfy the re- 
quirement of  overdetermination, the data sets obtained 
from muscle in one physiological state and labelled fol- 
lowing the same method were analyzed simultaneously us- 
ing a global target approach (Arcioni et al. 1988). 

ative to the crossbridge, this model is similar to the dou- 
ble cone model proposed by Thomas and co-workers (Lu- 
descher and Thomas 1988; Stein et al. 1990). The order 
parameters can now be obtained numerically from (3). 

Finally, model C is the Maximum Entropy Form of the 
orientational distribution function (Levine and Tribus 
1979), This is the smoothest possible form for the orien- 
tational distribution which is consistent with the experi- 
mentally accessible order parameters. This choice implies 
that the series expansion of the distribution function in 
terms of Wigner functions converges rapidly. In the ab- 
sence of any other experimental information, we believe 
that this is the only approach for reconstructing a distribu- 
tion free from any implicit assumptions, Again, the order 
parameters are evaluated numerically from (3). 

Materials and methods 

a. Preparation of skinned muscle fibres 

Skinned muscle fibres from the psoas of rabbits were pre- 
pared according to the method described in De Beer et al. 
(1988). The rabbits were anaesthetized by means of pen- 
tobarbital sodium (30 mg/kg iv). Segments of the psoas 
muscle were dissected and rapidly frozen in liquid nitro- 
gen in order to skin the fibres thermally. After 15 min, the 
frozen muscles were removed from the liquid nitrogen and 
stored on silica gel for at least 10 days at -25  °C (Stienen 
et al. 1983, 1985). Single fibres were easily obtained from 
the dried preparation. 

c. The interpretation of the order parameters 

The orientational distribution function f~ is characterized 
unambiguously only if the values of the order parameters 
of all ranks are known (Zannoni 1979; Johannson and 
Lindblom 1980). Since the fluorescence depolarization ex- 
periment does not contain information about order param- 
eters of rank higher than 4, it is not possible to reconstruct 
an orientational distribution function in a model-indepen- 
dent way. Consequently, we have to postulate models for 
the orientational distribution function and test their con- 
sistency with the observed order parameters. Here we shall 
consider three models based on distinctly different prem- 
ises. 

In the first model (A) a fraction q of the dye molecules 
is taken to be randomly oriented in the muscle fibre with 
a fraction 1 -q  attached to the crossbridges. The cross- 
bridges are taken to lie at a fixed orientation ]3o, Yo thus 
forming a helical array in the fibre. This is similar to the 
model introduced by Borejdo et al. (1982). The order pa- 
rameters can be obtained in a simple analytical form us- 
ing (3). 

In the second model (B) the crossbridges are assumed 
to lie within a cone whose axis is oriented at the Euler an- 
gles /30, 7o relative to the fibre axis. Now we allow the 
crossbridges to deviate from this fixed orientation by __,A]3, 
+_Ay. We note that since the dye molecules can move rel- 

b. Solutions 

The muscle fibres were brought into the rigor, the relaxed 
or the activated state by soaking them in a solution with 
the appropriate concentrations of MgATP and Ca 2+ (Ta- 
ble 1). Creatine kinase (CK) and creatine phosphate (CP) 
were added to the relaxation and activation solutions for 
the regeneration of ATP. In order to prevent degradation 
of CK, it was added to a concentration of 1 mg/ml just be- 
fore use. The compositions of these solutions were calcu- 
lated for a temperature of 25 °C according to the method 
described by Fabiato and Fabiato (1979). MOPS was used 
to buffer the solution at a pH of 6.8. The compositions of 
the solutions are listed in Table 1. MOPS and Na2ATP were 
obtained from Sigma Chem. Co, CK and CP from Boeh- 

Table 1. The composition of solutions. All solutions contain 10 mM 
MOPS and 20 ms  EGTA. The pH was set at 6.8 using KOH. The 
ionic strength (I.S.) was adjusted by adding KC1 

Solution Na2CP Na2ATP MgC1 a CaC12 I.S. 
(rnM) (raM) (raM) (mM) (rnM) 

Rigor - - 1.38 - 160 
Relaxation 160 12 5,84 6.62 - 160 
Relaxation 300 12 5.84 6.62 - 300 
Activation 12 6.05 6.24 20.12 160 



ringer Mannheim GmbH (Mannheim, Germany) and all 
the other chemical from Merck (Darmstadt, Germany). 

c. Labelling 

Two different methods were used to label the myosin SH1 
with 1,5-I-AEDANS or E5M (both obtained from Molec- 
ular Probes, Eugene, OR). The first method is a modifica- 
tion of that described by Borejdo and Putnam (1977). Es- 
sentially the method makes use of the observation (Duke 
et al. 1976) that the affinity of 1,5-I-AEDANS for the SH1 
on S1 increases significantly under relaxing conditions, 
while that for the cys374 on actin decreases. It has been 
suggested that the reactivity of SH1 is much higher than 
that of other cysteines in the fibre so that a high specific- 
ity of the labelling is obtained. Borejdo et al. (1977) claim 
that more than 75% of the dye is attached to myosin SH1. 

A skinned muscle fibre was mounted between two 
stainless steel clips and immersed in the relaxation 160 so- 
lution (Table 1) for 15 min.The fibre was then activated 
for 1 rain and again relaxed for 15 rain. At this stage the 
sarcomere length was measured by laser diffraction and 
set to 2.0 gin. The fibre was then labelled by immersing it 
for one hour in the relaxation 300 solution to which dye 
molecules were added to a concentration of 100 gM. Di- 
rectly after labelling, the muscle fibre was washed three 
times in relaxation solution for 15 rain in order to remove 
free dye molecules from the solution. Finally the fibre was 
kept in the relaxation solution for 12 h and was immedi- 
ately used for experiments. 

The second method (2) to label the SH1 is a modifica- 
tion of that described by Ludescher and Thomas (1988). 
In this method the cysteines in the fibre were first blocked 
with a non-fluorescent maleimide, N-ethyl-maleimide 
(NEM, Sigma Chem. Co., St. Louis, MO). This was car- 
ried out under rigor conditions so as to inhibit the reactiv- 
ity of SH1. After washing out the free NEM, the fibre was 
immersed in the relaxation solution and labelled as in 
method 1. It has been suggested that at least 95% of the 
probes are bound to SHI (Stein et al. 1990). 

The striations of skeletal muscle can be easily imaged 
using an interference microscope. When the myosin S 1 in 
a muscle is selectively labelled with fluorescent dye mole- 
cules, a fluorescence image will also reveal this striated 
pattern. Poor selectivity is manifested by a significant re- 
duction of the contrast between the myosin and the actin 
bands. Confocal fluorescence microscope images of fibres 
labelled following methods 1 and 2 showed a clear stria- 
tion throughout. This is an additional indication that the 
dye is predominantly located in the myosin band. 

d. Tension development of labelled muscle fibres 

A set-up similar to that described by De Beer et al. (1988) 
was used to monitor tension development in the labelled 
muscle fibres. The fibres were mounted between two stain- 
less steel clips, one of which was attached to a strain gauge 
force transducer (AME 801, Aksjeselskapet Mikro Elek- 
tronikk). The maximum force developed was found to de- 
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crease at most by 20% after labelling the fibre with E5M 
or 1,5-I-AEDANS. Furthermore, the rate of force devel- 
opment was slowed down significantly. These findings are 
consistent with other studies (Borejdo and Putnam 1977), 
and indicate that the labelled muscle fibres retain their abil- 
ity to develop tension. 

e. The lay out of the angle-resolved fluorometer 

The home-built angle-resolved fluorometer used in this 
study is based on that described in detail by Van Gurp et al. 
(1988) for studies of slab-shaped samples. However, stud- 
ies of fibrillar systems impose additional demands on the 
sensitivity of the detection system and the stability of the 
alignment as a result of the small size of the sample. In or- 
der to obtain the required stability of the alignment, 9 iden- 
tical emission lines are used, positioned at 9 angles gt rel- 
ative to the direction of the incident beam. 

In the experiment it is essential that a narrow beam of 
polarized light illuminates the sample. Furthermore the 
fluorescence emission has to be detected with a high an- 
gular resolution. Here a trade-off has to be made between 
the numerical aperture of the optical system and the inten- 
sity of the detected fluorescence. In fluorescence studies 
of muscle fibres numerical apertures of up to 1.3 have been 
used frequently (Borejdo and Putnam 1977; Wilson and 
Mendelson 1983; Ajtai and Burghardt 1986). We have cho- 
sen to limit the numerical apertures at both the excitation 
and emission side to 0.04, corresponding to a cone with a 
half angle of 2.3 ° . This small value guarantees the angu- 
lar resolution we consider essential in our experiment. 

The lay out of the excitation line is similar to that de- 
scribed by Van Gurp et al. (1988), except that a slit is used 
to adjust the width of the spot to the size of the muscle fi- 
bre. A 1600 W Xenon arc lamp (OSRAM) is used as a light 
source. Narrow band (AZ~10nm) interference filters 
(Schott, Mainz, Germany) are used to select an excitation 
wavelength suitable for a particular probe. The light is fo- 
cused with a condenser lens (all lenses were obtained from 
Spindler & Hoyer, G6ttingen, Germany) on a slit with a 
height of 8 mm and an adjustable width. A parallel beam 
is formed by passing the light through a lens with a diam- 
eter of 1 cm and a focal length of 30 cm, A Glan Taylor 
prism is used to polarize the light. The polarized light is 
subsequently focused on the muscle fibre with a lens of 
1 cm diameter and a focal length of 15 cm. The muscle fi- 
bre is mounted in the centre of the  experimental set-up. 
Each end of the fibre can be positioned independently with 
two xyz-translation tables (Newport, Irvine, CA). This is 
necessary to ensure a proper vertical alignment of the fi- 
bre in the focus of the excitation and emission lines. In or- 
der to limit the refraction of the polarized light at the inter- 
face with the muscle fibre the sample was placed in a cy- 
lindrical quartz cuvette with a diameter of 2.5 cm, filled 
with a buffer. Although it is not possible to obtain a per- 
fect matching of the refractive indices of the buffer and 
the muscle fibre without affecting the functionality of the 
muscle fibre, we believe that the effects of refraction on 
the interface of the fibre are small. This can be justified a 
posteriori. 
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The fluorescence emission light first passes a sheet po- 
larizer (Melles Griot, Irvine, CA) used as an analyzer. The 
fluorescence emission from the sample is then coupled into 
an optical fibre (Ensign Bickford, Avon, Conn.) with a sin- 
gle lens. The optical fibre is used as a light guide from the 
emission line to the detector. A small aperture in front of 
the detector ensures that only light from a given optical fi- 
bre is admitted to the detector. In this way the fluorescence 
is measured at the 9 angles sequentially using only a sin- 
gle detection system. Optical filters can be placed in front 
of the aperture for the selection of the fluorescence light 
and the rejection of scattering. 

The detector consisted of a standard single-photon 
counting device in combination with a Philips P2020Q 
photo multiplier tube (Philips, Eindhoven, NL) operating 
at a voltage of 2500 V. The PMT was cooled to - 1 0 ° C  
with a Peltier element (Princeton Applied Research, Dan- 
vers, MA) in order to limit the thermal noise. The signal 
from the PMT was fed into a home made pre-amplifier and 
then passed to a discriminator (Elscint STD-N-2). The 
pulses from the discriminator are counted with a digital 
photometer (Spex Industries, Edison, NJ). 

The data acquisition is controlled with a 286 PC. At any 
given angle gt the fluorescence intensity is acquired in a 
series of time windows each 100 ms long. In this way both 
the average count rate as well as its standard deviation is 
determined experimentally. The total collection time is 
varied so as to obtain an accuracy of 1 -  3% independent 
of the absolute fluorescence intensity. 

We shall henceforth consider the four distinct polariza- 
tion ratio: Ihh ( IF)/I h v ( llt), Ihh ( gt)/Ivh ( gt), Iv~ ( llt)/Ivv ( llt) and 
Ihv(N)/lvv(gt). In these four ratios each intensity appears 
twice, so that each is given an equal weight in the analy- 
sis of the data. Only the polarization ratios Ihh (N)/Ihv(N) 
and lhh (N)/Ivh (gt) are linearly dependent on cos (2 N), Eqs. 
(1 a - d ) .  The fluorescence emission is now detected as a 
function of the angle N (Fig. 1) relative to the excitation 
line. The angles are chosen in such a way that the inten- 
sity measurements are evenly distributed over the range of 
cos (2gt) -1 to 1. 

The fluorescence depolarization ratios were measured 
in all four quadrants of the XY-plane in order to check for 
artefacts arising from scattering and a non-vertical align- 
ment of the fibre. These artefacts can be recognized be- 
cause they distort the linear dependence of the polariza- 
tion ratios on cos (2tF). The effects of scattering can be re- 
moved by selecting an appropriate combination of excita- 
tion and emission filters, while the alignment of the fibre 
can be corrected by means of the two xyz-translation ta- 
bles. 

Results  

The angle-resolved fluorescence depolarization from bun- 
dles of up to five dye-labelled fibres were used in the ex- 
periments in order to increase the fluorescence intensity, 
The nonqinear least squares Marquart procedure (ZXSSQ) 
from the IMSL library was used for the optimization of 
the parameter values using a global target approach (Ar- 
cioni et al. 1988). 

The fluorescence depolarization of each bundle of fi- 
bres was measured in three different physiological states: 
1) in rigor, where the crossbridges are strongly bound to 
the actin filament; 2) in relaxation at a normal ionic 
strength of 160 mM and 3) in relaxation at a high ionic 
strength of 300 raM. In the latter two states the crossbridges 
are in an equilibrium between the weakly bound and the 
unbound state. By increasing the ionic strength this equi- 
librium shifts towards the unbound state (Brenner et al. 
1982). The data sets were collected at different excitation 
wavelengths in order to utilize the different orientations 
of the transition dipole moments in the dye molecule. 

In all the data sets the fluorescence polarization ratios 
Ihh (~)/lhv(gt) and I~t , (gt)llvh (gt) exhibited a linear depen- 
dence on cos (2v)  within the margin of error. Here qt is 
the angle between the emission and the excitation axis. 
Furthermore, the ratios I,,h/Ivv and lhv/Ivv were found to 
be independent of the angle gt. This indicates that system- 
atic errors, such as scattering and a non-vertical alignment 
of the bundle of muscle fibres did not compromise the ex- 
perimental observations. 

Distinctly different polarization ratios were obtained 
from experiments using 1,5-I-AEDANS and E5M labelled 
fibres in the same physiological state. A change in the 
wavelength of the excitation light also resulted in mark- 
edly different polarization ratios (Fig. 2). This underscores 
our expectation that the depolarization data reflect the or- 
ientational distribution of the transition dipole moments 
in the muscle fibre. It shows that the data not only depend 

Table 2. Two methods for labelling muscle fibres with 1,5- 
I-AEDANS or E5M 

Method I Method 2 

15 min relaxation 160 
60 min relaxation 300 + 100 gM 
dye + 20 mM NaPP i 
3 times 15min relaxation 160 
12 h relaxation 160 

15 rain rigor 
120 min rigor + 100 gM NEM 
+ 20 mM NaPP i 
2 times 15 mm rigor 
15 min relaxation 160 
60 rain relaxation 300 + 
100 ~M dye + 20 mM NaPPi 
3 times l 5 min relaxation 160 
12 h relaxation 160 

2.3 

t 
Ihh/l~h 1 .8 ~ T ~ ~  

1..5 

0.8 ' ' ' 

- 0 

cos(2~) 

Fig. 2. Depolarization ratios of SH1 labelled muscle fibre, o: 1,5- 
I-AEDANS, excitation wavelength 362 nm; • : E5M, exc. 464 nm; 
• : E5M, exc. 337 nm 
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Ihh/I,h 

1 . 8  

0.8 ' .' ' 
- 0 

cos(299) 

Fig. 3. The ratios Ihh/lvh for a muscle fibre labelled at the SH1 with 
E5M, excitation wavelength 464 n m . •  : rigor; o : relaxation 300 

Table 3. The order parameters of the crossbridges in a muscle fibre 
labelled with 1,5-I-AEDANS and E5M 

Rigor Relaxation 160 Relaxation 300 

Method 1 
(P2)  0.014+0.010 0.020_+0.010 0.015_+0.010 
(D22) 0.010+0.010 0.023-+0.010 0.017+0.010 
( P 4 )  -0.23_0.04 -0 .20_+0.05 -0.16_+0.04 
(Do42) -0.11 -+0.02 -0.11 -+0.02 -0.17 +0.03 
(Do44) 0.13 ___ 0.08 0.11 _+ 0,09 0.02 -+ 0.06 

Method 2 
( P 2 )  0_000_+0.010 0.000_+ 0.010 -0.010-+0.010 
(Do2) 0.000_+0.010 0.021 -+0,015 0.040_+0.015 
(P4) -0 .23_+0 .05  -0 .19_+0.05 -0.15_+0.05 
(Do42) -0.17-+0.06 -0.13_+0.02 -0.11 -+0.02 
(D044) 0.08 _+ 0.08 0.10 _+ 0.06 0.04 _+ 0.06 

on the orientational distribution of the crossbridges in the 
muscle fibre, but also on the orientations of these dipole 
moments in the dye frame and the orientational distribu- 
tion of the dye relative to S l. 

Remarkably, no significant differences were found in 
the data obtained from muscle fibres in rigor and relax- 
ation 160, whereas the depolarization ratios from fibres in 
relaxation 300 only changed slightly (Fig. 3). Good fits of 
the 8 order parameters were obtained when the order pa- 
rameters (D~,,) for odd values of n were taken to be 0. This 
is not a limitation, since these terms primarily describe the 
orientational distribution of the crossbridges around their 
long axes. Effectively, this means the data are consistent 
with an orientational distribution of the crossbridges in the 
muscle fibre possessing a 180 ° symmetry around the cross- 
bridge axis. 

The values for the 5 remaining order parameters are 
given in Table 3. For all the muscle fibres the values of the 
rank 2 order parameters (P2) and (D~2) were close to 0, 
whereas the order parameters (P4) and (042) were found 
to be negative for all the fibres. The order parameter (D44) 
could only be determined within a large margin of error. 

Reconstruction of the orientational distribution function 

We shall now consider the reconstruction of the orienta- 
tional distribution function from the order parameters 

listed in Table 3 for the directly labelled fibres (method 1) 
and fibres which were blocked with NEM prior to label- 
ling (method 2). In particular, we test the three distinct 
models described above for their consistency with the or- 
der parameters. 

As a first step we shall consider the information fur- 
nished by the order parameters (P2) and (P4) which are in- 
dependent of the Euler angle 7. This corresponds to the in- 
formation that is accessible when the orientations of the 
dye relative to the crossbridge and the transition dipole 
moments relative to the dye are not explicitly included in 
the analysis. 

The parameters q and flo of model A shown in Table 4 
provided a perfect fit to the order parameters (P2) and (P4), 
Table 3. As expected the fraction q of the randomly 
oriented population increases upon relaxation. On the 
other hand, the angle fl0 does not change significantly. This 
agrees well with the results reported by Wilson and Men- 
delson (1983). We note that the consistently lower values 
for q found here may be indicative of a more specific la- 
belling. 

In a similar way, model B is found to provide excellent 
fits to the two order parameters, Table 4. The position of 
the centre of the cone ]30 does not change upon relaxation 
of the muscle fibre. However, the width of the cone Afio 
increases by about 5 ° . 

The Maximum Entropy Form of the orientational dis- 
tribution function consistent with the two order parame- 
ters {P2) and (P4) takes the form (Van Gurp et al. 1988). 

fx (fix) = exp (L e P2 (cos fix) +/;4 P4 (cos fix)) (9) 

The parameters A. 2 and 24 are listed in Table 4. Again, the 
position of the maximum of the distribution is found to be 
the same in rigor and relaxation, whereas the distribution 
is broader in relaxation. 

Table 4. The model parameters of models A, B and C correspond- 
ing to the order parameters (P2) and (P4) in Table 3 

Rigor Relaxation 160 Relaxation 300 

Method 1 
Model A 
q 0.43 0.51 0.61 
]30 54 53 53 
Model B 
/30 53 52 52 
Aft 22 25 27 
Model C 
Le -0.50 -0.22 -0.10 
"~4 -3.06 -2.38 -1.74 

Method 2 
Model A 
q 0.41 0.51 0.60 
]3o 55 55 56 
Model B 
]30 54 53 53 
zXfl 22 25 28 
Model C 
22_ -0.73 -0.39 -0.30 
• a, 4 -3.19 -2.30 -1.69 
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The findings presented here show that widely differing 
models for the orientational distribution function of the 
crossbridges account for the same values of the order pa- 
rameters (P2) and (P4). This clearly shows that knowledge 
of only these order parameters is not sufficient to discrim- 
inate between the models and also explains their profusion 
in the literature. 

The additional rank two and four order parameters pre- 
sented in Table 3 provide the key to resolving this unsat- 
isfactory situation. We note once more that these parame- 
ters are obtained on explicitly including the orientations 
of the dye relative to the crossbridge and the transition di- 
pole moments relative to the dye in the analysis. We have 
found that Models A and B fail to describe all 5 order par- 
ameters consistently and must therefore be discounted. In 
particular, it proved to be impossible to obtain a consis- 
tent fit of the values of both (D22) and (D42). The two or- 
der parameters depend on the angle of rotation of the cross- 
bridges about their long axes as cos 27x as well as on the 
polar angle fx- The fx dependent terms are fully deter- 
mined by the values of (P2) and (P4). Consequently, the 
only degree of freedom for fitting these order parameters 
is the optimization of 70 for Model A and +_A 7 for Model 
B. We have been unable to find model parameters satisfy- 
ing the constraints imposed by (P2) and (P4), which yield 
small values for (D~2) and simultaneously large negative 
values for (D42). This situation can only be resolved on in- 
voking a more sophisticated model such as the Maximum 
Entropy Form of the orientational distribution function. 
This distribution function, Model C, consistent with all the 
order parameters takes the form: 

fx(flx, 7x)=exp(-U(fx ,  5) /kT)  (10a) 

with 

-- U (~"2x)/kT -- & P2 (cos 3x) 4- Z 4 P4 (cos 3x) 

+c(D~2(0, fx ,  Yx)+D~-2( 0, fx,  Yx)) 
+p(D42( 0, fix, Yx)+D4-2( 0, fly, Yx)) (10b) 

where 22, Z 4, e and p are the parameters describing the 
strength of the potential. The results are listed in Table 5. 
Cross-sections of the distribution functions at N= 90 ° for 
the muscle fibres are shown in Fig. 4. The distribution 
functions for rigor, relaxation 160 and relaxation 300 all 
show a maximum at fix= 46 _+ 3 °. The full width half max- 

Table 5. The model parameters of model C corresponding to all or- 
der parameters in Table 3 

Rigor Relaxation 160 Relaxation 300 

Method 1 
~2 -0.58 -0.19 -0.16 
"~4 -3.59 -2.81 -2.24 
e 0.64 0.63 0.65 
p -1.24 -1.19 -1.71 

Method 2 
X 2 -1.14 -0.24 -0.43 
• ~4 -4.54 -2.01 -2.82 
e 0.97 0.53 0.63 
p -2.04 -1.12 -1.38 

f(,8×) 

0.02 

0.01 

0.00 
-91 

i 

J <J 
-45  0 45 - 9 0  - 4 5  0 45 

Fig. 4a, b. Cross-sections of the orientational distribution func- 
tions at yx=90 °. a Labelling method 1; b method2; --: rigor; 
---: relaxation 160; .--: relaxation 300 

imum is 22 _+ 3 ° for rigor and relaxation 300 and 27 +_ 3 ° for 
relaxation 300. 

We note that the distribution function depends on the 
Euler angles fix and Z~, denoting the tilt angle of the cross- 
bridge relative to the fibre axis and the orientation of the 
crossbridge around its internal axis respectively. However, 
the dependence on 7x only enters the potential through the 
term cos (2yx) in the parameters D20_+2 (~'~x) and D4o+2 (g?x). 
Consequently, only limited information can be obtained 
about the orientational distribution of the crossbridges 
around their long axis. Nevertheless, the ~ dependent or- 
der parameters are indispensable for discriminating be- 
tween the various models. 

We have thus found that knowledge of 5 rank two and 
four order parameters affords a discrimination between 
different models for the orientational distribution function 
of the crossbridges. Nonetheless, it is not surprising that 
Model C provides a satisfactory description, since it has 
been constructed subject to the requirement of consistency 
with all the available order parameters. The question may 
now be posed as to whether Model C is unique. In addi- 
tion it is known from the mathematical theory of the Max- 
imum Entropy Formalism that it yields the broadest pos- 
sible function. Nevertheless, any model which accounts 
for all 5 order parameters must reproduce a unimodal dis- 
tribution. This leaves only the peak position and the width 
of the distribution as adjustable parameters. We have at- 
tempted to model the orientational distribution using Lo- 
rentzians, which can be used to describe sharply peaked 
functions. Surprisingly, this search yielded distribution 
functions indistinguishable from those of Model C. We be- 
lieve that this is a strong indication that the distribution 
functions found with Model C can be considered to be re- 
liable. 

The results thus indicate that the crossbridges are highly 
ordered, and that no significant change of orientation of 
the crossbridges is observed between rigor and relaxation. 
The distribution corresponding to a fibre in relaxation 300 
is slightly broader, reflecting the fact that a larger frac- 
tion of the crossbridges is unbound. Remarkably, the dis- 
tribution functions obtained from fibres labelled directly 
(method 1) and fibres which were blocked with NEM prior 
to labelling (method 2) are similar and both sharply 
peaked. This suggests that the effects of non specific la- 
belling are indeed negligible. 
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Discussion 

The results presented here show that a reliable description 
of the orientational distribution of crossbridges in a mus- 
cle fibre can be extracted from fluorescence depolariza- 
tion experiments, in a way independent of the dye mole- 
cules and transition dipole moments used in the experi- 
ment, The polarization ratios obtained at several excita- 
tion wavelengths and using two probes are distinctly dif- 
ferent. Nevertheless, the data can all be described using 
the same orientational distribution. This indicates that the 
differences indeed arise from the orientation of the transi- 
tion dipole moments in the frame of the dye molecules and 
the orientational distribution and rotational dynamics of 
the probe relative to the crossbridge. 

The reliability of our approach is greatly enhanced by 
two factors. The angle-resolved fluorescence depolariza- 
tion experiment allows the unequivocal determination of 
the order parameters of the transition dipole moments as 
well as two correlation functions. Furthermore, the global 
target analysis approach provides a convenient tool for 
checking the consistency of data sets obtained under dif- 
ferent spectroscopic conditions. This stratagem ensures 
that a single solution of the numerical optimization can be 
found for describing all the available data. More impor- 
tantly, the order parameters which depend on the rotation 
of the crossbridges about their long axes can now be re- 
covered. 

The goal of our study was the characterization of the 
orientational distributions of crossbridges in the rigor and 
relaxed states of muscle fibres. Our results indicate that 
no change of orientation takes place upon a transition be- 
tween these two states. This finding does not support the 
conclusions from earlier studies in which a change of or- 
ientational distribution was reported (Ajtai and Burghardt 
1986; Burghardt and Ajtai 1992; Ajtai et al. 1992; Stein 
et al. 1990; Tanner et al. 1992). 

We believe that the differences between the conclusions 
arise primarily from the experimental characterization of 
more order parameters than simply (P2) and {P4). The ex- 
tra order parameters allow us to discriminate between the 
various models. They have not been determined experi- 
mentally in previous studies and can only be obtained from 
angle-resolved experiments on making explicit use of the 
orientations of the transition dipole moments in the mo- 
lecular frame and of the dye in the crossbridge frame. It is 
this additional data, derived from the experiments in a way 
free from any a priori assumptions, which allows us to dis- 
criminate between different models for the orientational 
behaviour of the crossbridges. 

The similarity of the crossbridge orientations in rigor 
and relaxation is apparently at odds with the established 
ideas on the rotating crossbridge model that have domi- 
nated muscle research for many years (Huxley 1969; Hux- 
ley and Simmons 1971). These have postulated that a 
change of orientation of the whole of the S 1 portion rela- 
tive to the long pitch actin helix takes place upon a tran- 
sition from the weakly to the strongly bound state. Never- 
theless, our findings are supported by the electron micros- 
copy study of Pollard et al. (1993), which suggests that the 
orientational distribution of the crossbridges in the inter- 

mediate states during the ATPase cycle is indistinguish- 
able from the distribution found in rigor. Indeed these re- 
sults appear to exclude any model in which states occur- 
ring early and late in the "powerstroke" have substantially 
different angles (e.g. 45 ° different) (Thomas 1993). 

We note here that at a normal physiological strength of 
160 mM only a small fraction of the crossbridges is in the 
weakly bound state with the rest unbound (Brenner et al. 
1992). The surprising aspect is that the orientational dis- 
tribution of the crossbridges in relaxation is so similar to 
that in rigor. A comparison between the weakly and 
strongly bound states thus calls for an in-depth study of 
the orientational distribution of the crossbridges at a range 
of ionic strengths from 20 to 300 mM along the lines set 
out in this study. 

The recently published crystal structure of S 1 and its 
model building, together with the crystal structure of ac- 
tin may be the key for further understanding of the orien- 
tational behaviour of the crossbridges (Kabsch et al. 1990; 
Holmes et al. 1990; Rayment et al. 1993 a, b). This model 
suggests that local conformational changes in the main mo- 
tor portion of the S 1 head, as a result of ATP binding/hy- 
drolysis and actin binding, cause the light chain-clad neck 
region of S 1 to "wag" relative to this motor domain which 
remains attached to actin in both the weakly and strongly 
bound states in approximately the same orientation. Thus, 
the bulk of the head does not reorient during the energy 
transduction step, only the neck region (Rayment et al, 
1993b). Since the SH1 group is located in the main bulk 
of the motor domain close to the actin-S 1 interface, any 
dye molecule located at this site would not be expected to 
sense the conformational rearrangements experienced by 
other parts of S 1. Our results, therefore, are consistent with 
this model and point a way forward of how to test these 
ideas using dye molecules which are attached to sites on 
the myosin S 1 that are proposed to experience the reorien- 
tation e.g. the myosin light chains. 
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