
200 Biochemistry 1992, 31, 200-206 

Mapping Global Angular Transitions of Proteins in Assemblies Using Multiple 
Extrinsic Reporter Groups? 

Thomas P. Burghardt* and Katalin Ajtai 
Department of Biochemistry and Molecular Biology, Mayo Foundation, Rochester, Minnesota 55905 

Received May 29, 1991; Revised Manuscript Received August 7, 1991 

ABSTRACT: The fluorescence polarization intensities from fluorescent probes and the electron paramagnetic 
resonance spectra from spin probes, specifically modifying elements of a biological assembly such as myosin 
sulfhydryl 1 (SHI) in muscle fibers, are interpreted in terms of probe order parameters using a model- 
independent method. The probe order parameters are related to each other by an Euler rotation of coordinates. 
We use this relationship to link the sets of order parameters from the different probes and in so doing create 
a system of equations that can be solved using only the information available from the experimental data. 
The solution yields the Euler angles relating the different probe coordinate frames and a larger set of probe 
order parameters than can be directly detected experimentally. The Euler angles are used to display the 
relative orientation of the probe molecular frames. The order parameters give rise to probe angular dis- 
tributions that are a t  the theoretical limit of resolution. We demonstrate the utility of this analytical method 
by investigating the rotation of myosin SH1 from its orientation in rigor upon the binding of the nucleotide 
MgADP to the myosin cross-bridge. Our findings, discussed in the accompanying paper, suggest that the 
rigor-teMgADP cross-bridge angular transition consists predominantly of a rotation about the hydrodynamic 
axis of symmetry of the cross-bridge, i.e., its torsional degree of freedom [Ajtai, K., Ringler, A., & Burghardt, 
T. P. (1 992) Biochemistry (following paper in this issue)]. 

%e investigation of the molecular mechanism of muscle 
contraction sometimes involves the use of direction-reporting 
extrinsic probes that can chemically modify selected side chains 
on the muscle proteins of interest. If the probe is rigidly 
attached to the protein so that it does not rotate independently, 
then direction-reporting signals from the probe can supply 
information related to the angular distribution of the protein 
in the vicinity of its modified side chain. We use two ex- 
perimental ‘techniques to investigate probe Orientation, electron 
paramagnetic resonance (EPR) and fluorescence polarization. 
Both techniques detect the orientation of an intrinsic coordinate 
frame fvred in the probe molecule (Burghardt & Ajtai, 1990). 

In the muscle we focused our investigation on the myosin 
molecule by placing probes on the reactive sulfhydryls (SH1 
or SH2) located in the head region of the protein. The myosin 
head, or cross-bridge, interacts with the actin filaments and 
hydrolyzes ATP during muscle shortening. It is thought that 
the myosin cross-bridge uses the chemical energy liberated 
from ATP hydrolysis to generate force at the actomyosin 
interface to make the muscle shorten. The mechanism by 
which myosin accomplishes this transduction of energy is a 
central question of muscle research. The idea that this 
mechanism may involve a rotation of the cross-bridge while 
it is actin bound such that the myosin rolls on the actin fila- 
ment was suggested years ago (Huxley, 1969; Huxley & 
Simmons, 1971), but the experimental verification of a 
changing cross-bridge orientation has been controversial. 

The controversy surrounding the rotating cross-bridge model 
of contraction is due to part to the apparent contradictions in 
the conclusions drawn from the direction-reporting probes 
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(Burghardt & Ajtai, 1990). Although it seems now certain 
that the extrinsic probes of the cross-bridge report that the 
cross-bridge assumes various orientations relative to actin, there 
are lingering questions about why some probes reported large 
angular displacements of the cross-bridge (Borejdo et al., 1982; 
Burghardt et al., 1983) while others reported nearly unde- 
tectable orientation changes (Cooke et al., 1982; Fajer et al., 
1990). We have shown that the differing orientations of the 
probes within the cross-bridge molecular frame contribute to 
the probes ability it detect cross-bridge orientation changes. 
We showed this by spectroscopically varying the molecular 
frame orientation of the transition dipoles of several fluorescent 
probes and determined that some probe molecular frame 
orientations of a single probe are more sensitive than others 
(Ajtai & Burghardt, 1987). It seems likely that transition 
dipoles from cross-bridge rotation-insensitive probes p in t  along 
the axis of cross-bridge rotation while dipoles from rotation- 
sensitive probes are more perpendicular to this axis of rotation. 
This possibility may be tested quantitatively by the method 
we introduce below. 

Assuming that the myosin cross-bridge is a rigid body, then 
its rotation causes a similar rotation of each probe on its 
surface. The angular distributions of the individual probes 
are constrained by the requirement that they must reflect the 
rotation of their common host. How well the observed probe 
distributions fit these constraints, when the cross-bridge un- 
dergoes a physiological state change, gives a quantitative 
measure of how well the experimental data agree with the 
original assumption of a rigid body rotation. Consequently, 
we will be able to decide for the probes we choose to study 
whether or not the cross-bridge behaves like a rigid body. 
Additionally, by the application of this formalism we (i) en- 
hance the angular resolution of each of the probe distributions 
to the theoretical limit, (ii) find a best choice for the extent 
of cross-bridge rotation during a physiological state change 
of the fiber, and (iii) find the relative orientation of the 
probe-fixed reference frames. 

I - I  , 0 1992 American Chemical Society 
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We implement this formalism by combining data from 
different probes of the myosin cross-bridge using model-in- 
dependent order parameters. The order parameters define the 
probe angular distribution function N when it is expanded in 
a sum of appropriate orthonormal angular functions with order 
parameter coefficients. This description of N is general and 
can be applied to either EPR or fluorescence polarization 
techniques for probe order measurement (Burghardt, 1984; 
Burghardt & Thompson, 1985). 

For our purposes, the various probes on a protein side chain 
differ from each other only in their orientation relative to a 
reference frame fmed in the protein. Consequently, we must 
be able to relate order parameters from different probes by 
a rotation of coordinates. It follows then that there are con- 
nections among the order parameters from different probes 
that can be formulated as a system of equations with order 
parameters, and the angles relating order parameters from 
different probes, as variables. Requiring that any rigid rotation 
of the modified protein results in a similar rotation of all of 
the probes, and using information from the experimental 
measurement of EPR and fluorescence polarization spectra, 
we obtain a system of equations for the unknown order pa- 
rameters. The number of probes and the experimental con- 
ditions are chosen so that the number of experimental ob- 
servations is larger than the number of unknowns. The un- 
knowns are determined by minimizing the square of the dif- 
ferences between the appropriate theoretical and experimen- 
tally observed parameters [least-squares minimization, see 
Strang (1 986)]. 

In the accompanying paper, we describe the application of 
this formalism to three probes of myosin SH1 (Ajtai et al., 
1992). These probes are the spin labels ['SN,2H]MTSL and 
lPSL and the fluorescent probe 15IA. The 15IA data enter 
the calculation as three data sets since we include data at three 
wavelength points along the probe's excitation polarization 
spectrum. The results demonstrate the utility of the method. 

THEORY 
A .  Model-Zndependent Description of the Probe Angular 

Distribution. The analytical function N is the angular dis- 
tribution of probes in a biological assembly. N describes the 
distribution of probe-fixed coordinate frames relative to a 
laboratory-fixed coordinate frame. A rotation of coordinates, 
using the Euler angles a, j3, and y, denoted collectively by 0, 
relates the lab frame to the probe frame as shown in Figure 
1 for the case of a spin label (Davydov, 1963). It is useful 
to expand N ( 0 )  in terms of the Wigner functions D',J0) that 
form a complete orthogonal set of functions on the domain 
of Euler angles Q0, where 0 I a. I 2a, 0 I I a, and 0 I 
yo I 2a, such that 
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The parameter di,n is an order parameter of rank j ,  and it 
represents the contribution to N of the (j,m,n)th component 
of the set of functions am,,. The orthogonality of the Wigner 
functions imply that 

where an asterisk (*) means complex conjugate and 8k,K is the 
Kronecker delta. 

The order parameters are unknowns that are determined 
experimentally by analysis of fluorescence polarization or EPR 
data (Burghardt & Thompson, 1985; Burghardt & French, 

Y 

FIGURE 1 :  Euler angles for a spin probe modifying a biological 
assembly. The Euler rotation takes the laboratory frame to the 
principal magnetic frame of the spin probe. In this case the z-axis 
of the principal magnetic frame is perpendicular to the plane of the 
ring containing nitrogen. In a system having symmetry that eliminates 
a dependence in the probe angular distribution, such as a muscle fiber, 
multiple probes would be evenly distributed in their a angle while 
each probe would have identical f l  and y angle values. 

1989). We showed that the number and rank of order pa- 
rameters that can be estimated from EPR exceeds that ob- 
tainable from fluorescence polarization. Fluorescence polar- 
ization is sensitive to order parameters of rank j I 4, while 
EPR is sensitive to ranks j = 0, 2, 4, ... [there are some ex- 
ceptions to these selection rules see Burghardt (1989)l. In 
practice this means that generally a spin probe angular dis- 
tribution has higher resolution than a fluorescent probe angular 
distribution. 

B. Relationship among Different Probe Order Parameters. 
While fluorescence polarization and EPR data are quantitated 
in terms of order parameters, the values of the order param- 
eters from the different probes are not interchangeable when 
they describe their probe angular distribution. A rotation can 
always be found, however, to relate any two sets of order 
parameters such that 

(3) 

where Qi represents (ai,Di,yi) relating probe I to probe 11. 
Equation 3 shows that, under a rotation of molecular co- 

ordinate frames, the values of the order parameter indices j 
and m are conserved, implying that order parameters transform 
under molecular coordinate frame rotation into order param- 
eters of the same rank j and m index. The conservation of 
the j index simplifies our problem of relating the probe order 
parameters since we may consider each rank independently. 
The conservation of the m index has special significance for 
the muscle fiber system since we have experimental evidence 
that the angular distribution of probes on SH1 is unchanged 
by rotation of the fiber about the fiber axis (Burghardt et al., 
1983). This fiber symmetry implies that ~$4,~ = c&+,,~ and, 
because of m index conservation, that this relationship holds 
for any probe on SH1. Consequently, for probes of SH1 we 
may limit our consideration to order parameters of the form 
d,,. In systems not similar in this way to the muscle fiber, 

j 

dm,n(II) = k=-j c dm,k(I)D&(Qi) 
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the problem is overdetermined), but we do not pursue this 
option further since the former assumption produces reasonable 
solutions. 

D. Relationship between Observables and Order Parame- 
ters. The EPR spectrum, E(H), is interpreted in terms of order 
parameters using 

E(H)  = 'Eai#PR(H) i (4) 

where H i s  the strength of the Zeeman field, ai (representing 
d;,") is an order parameter, gPR(H) is a basis spectrum, and 
i,,, is the total number of order parameters contributing 
significantly to the EPR spectrum. The significant order 
parameters are usually those parameters 4," of rank 0 I j I 
16. Previously, the linear relationship between ai and E(H) 
was exploited to compute the linear least-squares approxi- 
mately of the best fitting ai's directly from the EPR spectrum 
(Burghardt & Thompson, 1985; Burghardt & French, 1989). 
In our present method, these equations are solved simulta- 
neously with other equations constraining the order parameters 
are described below. 

Fluorescence polarization data are the intensities F(#,- 
x,A,,,&~), where and x are angles relating the orientation 
of the excitation and the emission polarizers relative to the 
laboratory frame, and &, and A,, refer to the wavelength of 
the excitation and emission light. The intensities are related 
linearly to the order parameters by 

JR6 R 
IPSL ( rigor ) 2, IPSL ( M ~ A D P  ) 

-- . 
16IA:330nm /-I- 

( rigor ) ( MgADP ) 

FIGURE 2: Relationships among the probes of myosin SH1 for fibers 
in rigor and in the presence of MgADP. Rotation operators R, connect 
probefixed reference frames that differ from each other by an Euler 
rotation. Rotation operator R1, or its similar operator RiR2R;', 
corresponds to the rigor-to-MgADP transition. 

we must consider the order parameters for each m index value 
separately. 

C. Setting Up the Problem. We want to find the order 
parameters of three probes of myosin SHl  in fibers, for fibers 
in rigor and in the presence of MgADP. The probes of SH1 
that we are interested in are the spin labels ['5N,2H]MTSL 
and IPSL and the fluorescent label 15IA. We measured the 
excitation polarization spectrum from 15IA-labeled fibers and 
include data from three different excitation wavelength points 
in our calculation. In this case, fluorescence polarization ratios 
at excitation wavelengths Aex = 330, 360, and 410 nm are 
included and are equivalent to data from three independent 
probes of SH1. We consider then five different probes in two 
physiological states corresponding to 10 independent data sets. 

The logic used to relate the data sets is shown in Figure 2. 
Each rotation operator Ri can be represented as a function of 
three Euler angles. The rotation operators are defined such 
that the tip of the arrow, connecting two sets of order pa- 
rameters, points to the result of applying the rotation operator 
to order parameters at the base of the arrow. As shown in 
Figure 2, the rigor-to-MgADP angular transition is described 
by rotation operator R2 or a related operator given by the 
similarity transformation RiR2R;'. 

Adding a new probe to our calculation requires that we 
introduce a new rotation operator, Ri, or equivalently three 
new Euler angles that must be determined in the complete 
solution to the problem. If the new probe is fluorescent, then 
we will show subsequently that six or more observable (known) 
quantities are offset by the unknown Euler angles so that the 
number of constraints increases by at least three. By increasing 
the number of constraints on the unknown order parameters, 
we increase the likelihood of finding the best global solution. 
New spin labels add even more constraints than the fluorescent 
labels. Unfortunately, the constraints and unknowns also 
increase the computer time needed to find the best global 
solution. Our choice of five probes was the largest set of probes 
that we could analyze within a reasonable amount of computer 
time. 

We relate the probe order parameters to each other with 
rotation operators Ri that represent a single Euler rotation 
through angles Oi. This is a model-dependent assumption 
about the relationships among the probes. An alternative 
assumption is that the Euler rotation angles are distributed 
over a domain of values. The latter assumption introduces 
more unknowns to the problem (that can be calculated since 

The dependence of ZLs on the parameters #, x, &,, and &, 
was described for the general case (Burghardt, 1984). We 
have already noted that the sum over i in eq 5 is finite and 
should include order parameters of rank j 5 4. This is unlike 
the sum over i in eq 4 where all even rank order parameters 
contribute to E(H). 

It is customary to use the ratios defined below to summarize 
the fluorescence polarization data: 

F(O0,OO) - F(0°,900) 
p l l  = F(O0,OO) + F(00,900) 

F(90°,900) - F(90°,00) 
F(90°,900) + F(90°,00) (7) P ,  = 

F(OO,OO) - F(90°,00) 
Q I I  = F(OO,OO) + F(90°,00) 

where we suppressed the A,, and A,, dependence in F. The 
use of ratios eliminates the necessity of measuring absolute 
light intensities in these experiments. The linear relationship 
between order parameters and the observable quantities PII,  
P, ,  and Q,, is preserved by rearranging the ratios into the 
forms 

(9) (PI1 - 1)F(OO,OO) + (PI1 + 1)F(00,900) = 0 

(PI  - 1)F(90°,900) + (PI  + 1)F(90°,00) = 0 (10) 
(Qi, - l)F(Oo,Oo) + (Ql, + 1)F(90°,00) = 0 (11) 

E.  Order Parameters of Rank j = 1 and 3. It is noteworthy 
that the data PII ,  P,, and QII do not contain all of the infor- 
mation that can be obtained from a fluorescence polarization 
experiment. Inspection of eqs A4-A9 in the Appendix show 
that order parameters of ranks j = 1 and 3 contribute to the 
fluorescence intensity only when $J and x are not equal to 0' 
or 90°. This condition is not met by PII ,  P,, and Q,,, and a 
more general set of ratios must be defined to take advantage 
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Table I: Molecular Frame Euler Angle Symmetries” 
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“4 8 4  Y4 
“ 5  85 Y5 

“1 + = 81 Yl 
“2 82 7 2  
“3 83 Y3 
“4 0 4  Y4 
“ 5  85 75 

~~ 

“1 81 Y I  
“2 8 2  Y2 
a3+* 7r-83 *-y3  
“4 8 4  Y4 
“ 5  85 75 

a1 81 Y I  81 YI 7r- (YI PI = - r1 
“2 8 2  7 2  “2 8 2  72 = - “2 8 2  = - Y2 
“3 83 Y3 “3 83 7 3  = - “3 83 7 3  
“ 4 + “  7 r - 8 4  7 r - 7 4  “4 rB4 Y4 * - “4 84 7 4  

“ 5  rB5 75 as+* 7r-& = - Y5 =-a5 85 - 7 3  

“ I  81 Y1 + “1 7-61 a-7, 
“2 + 82 Y2 + 7r -a2 82 - 7 2  
“3 + 7r 8, 7 3  -a3 83 7 3  
“4 + = 84 Y4 -a4 8 4  7 4  
“ 5  + = 85 Y5 -a5 85 7 5  

a For any value of (ai,oi,yi) where i = 1 ,  ..., 5 the least-squares minimization $ are identical for each of the eight sets of Euler angles identified 
above. The symmetries are degeneracies in 9 that exist for the order parameters considered in our application. This list is not necessarily all of the 
degeneracies could that exist. 

of this feature of the fluorescence polarization signal. In model 
calculations discussed subsequently in section J, we find that 
the measurement of fluorescence intensities when J, and x 
equal 0, 30°, 60°, or 90° (to make 15 independent ratios from 
16 intensities) is sufficiently general to enable one to determine 
t h e j  = 1 and 3 order parameters. 

F. Application to Experimental Data. When order pa- 
rameter a‘,,, = u//,~&,,~, as in our application to muscle fibers, 
each rank j corresponds to 2j + 1 parameters since -j I n I 
j. Rank j = 0 corresponds to the random distribution com- 
ponent of the probe angular distribution. In our application, 
we consider order parameters of rankj  = 0,2,4, ..., 16. Order 
parameters of odd rank are eliminated from consideration 
because neither EPR nor fluorescence polarization depends 
upon them (except for fluorescence polarization under the 
circumstances discussed in the model calculation, see section 
J). We also do not consider parameters of higher even rank 
than j = 16 because we have sufficient information from the 
EPR and fluorescence polarization data to find a global so- 
lution without them and because the computation time re- 
quired for including them is prohibitive. By not including every 
possible order parameter in our problem, we do not necessarily 
inhibit our ability to find the best global solution since the order 
parameters of different ranks are independent. 

The equations determining the order parameters combine 
the constraints of eq 3 with the constraints of eqs 4 and 9-1 1. 
We begin by choosing the set of unknown order parameters. 
It will become clear below that it is sufficient to choose as 
unknowns the spin probe order parameters. These unknowns 
are the parameters that make up the set (&) for j = 0,2,4,  
6, with -j I n I j ,  and f o r j  = 8, 10, ..., 16, with n = 0, 2, 
4. Each probe has a separate set of order parameters. 

The spin probe order parameters are related to each other 
via eq 3 and to the experimentally observed EPR spectra via 
eq 4. Order parameters of tank j 2 8 are restricted only by 
eq 4 because the computation time required to calculate the 
appropriate rotation matrices from eq 3 for these high rank 
parameters is prohibitive. In our computation, we arrange the 
spin probe order parameters into a n X 1 array, u, and the 
known quantities (the EPR spectral intensities) into a m X 
1 array, $. The relationship between u and k, is linear such 
that 

Mu = $ (12) 
where M is an m X n matrix with elements made up from the 
appropriate rotation matrices w,; from eq 3 and the basis 
spectra gPR(H) from eq 4. For two spin probes m > n so that 

unknowns u can be determined exclusively from EPR data, 
however, we want to also include the information from the 
fluorescent probes. 

The fluorescent probe order parameters are linearly related 
to the spin probe order parameters by eq 3. The fluorescent 
probe order parameters are also related to the observed in- 
tensity ratios by eqs 9-1 1. By these two relationships, the 
unknown spin probe order parameters are linearly related to 
the polarization intensities such that 

GU = kf (13) 
where the unknowns u are identical to those in eq 12 and the 
known polarization intensities are contained in the I X 1 array 
kf. We derive in the Appendix the components of kf and the 
I X n matrix G that are appropriate for our application. All 
of the constraints from EPR and fluorescence polarization 
experiments constrain identical unknowns so that 

($  = (::) 
The m + 1 constraints on u in eq 14 represent more equations 
than unknowns if m + I > n. This problem is solved by finding 
the best solution for u using a weighted least-squares protocol 
(Strang, 1986). 

G. Technical Details. We solved for the Euler angles and 
unknown order parameters of the probe angular distribution 
using a weighted least-squares minimization with equality and 
inequality constraints routines (Haskell & Hamon, 1979). The 
input to the program included eq 14 and constraints on the 
minimum and maximum values of the order parameters (the 
inequality constraints). The inequality constraints are from 
the theoretical limitations on the order parameters as described 
previously (Burghardt & Thompson, 1985). 

The values of the unknown order parameters are given 
directly by the weighted least-squares minimization routine. 
The Euler angles are nonlinear parameters in the equations. 
We computed the weighted least-squares value, Y ,  for every 
point on a 15-dimensional grid of points made up from the 
Euler angles (five probes in two states corresponding to 15 
Euler angles). The best choice for the Euler angles was that 
which minimized Y .  

All of the least-squares solutions to the system of equations 
could be found without trying every point on the 15-dimen- 
sional grid of Euler angles. This is because certain changes 
in one or more of the Euler angles do not change the value 
of 2. The Euler angle translations that do not effect 2 are 
listed in Table I. We restricted the domain of the search 
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through the Euler angle variables to take advantage of this 
ambiguity to reduce the amount of computer time necessary 
to try all possibilities. This implies that each solution corre- 
sponds to a set of several equivalent solutions. The selection 
of a particular solution is based on separate criteria appropriate 
for a particular application. The criteria for our muscle fiber 
application are discussed in the accompanying paper (Ajtai 
et al., 1992). 

H .  Probe Orientation Distribution. The orientation dis- 
tribution of a cross-bridge bound probe in a muscle fiber, 
denoted by N,  depends on the Euler angles a, 8, and y (Da- 
vydov, 1963). Euler angles a! and 8 are the probe azimuth 
and polar angles relative to the fiber axis of symmetry, and 
y is the torsion angle (see Figure 1). The muscle fiber axis 
is a symmetry axis so that angle a can be ignored. The probe 
orientation distribution is computed from the order parameters 
with the relation 

A 

Equation 15 is a simplified version of eq 1 reflecting the a 
independence of the cross-bridge bound probe distribution 
(since d,, appears, not d;,J and the finite limit on the rank 
of the known order parameters (i,,, replaces m). We can 
summarize the results by presenting three-dimensional rep- 
resentations of N .  In these plots, fl and y are the independent 
variables and N is the dependent variable. Domains in 8 and 
y of large (small) N represent regions of high (low) probe 
orientation density. We also use two-dimensional represent- 
ations of the probe. distribution calculated by averaging N(8,y) 
over either /3 or y [see Ajtai et al. (1992)l. 
I. Relationship of the Lab- to Probe-Fixed Reference 

Frame. As indicated above, we can determine the relationship 
among the probe-fixed reference frames. This information 
pertains only to relative orientations and does not fm the probe 
orientation in the laboratory frame. The relationships between 
the laboratory frame and the probe frames are different than 
the relationships among the probe frames since the former is 
not related by a single Euler rotation but is a distribution of 
rotations. The distribution of rotations is given by N in eq 
1. Nevertheless, it is reasonable to attempt to estimate the 
Euler rotation from the lab frame to the most probable ori- 
entation of the probe-fixed frame. We attempted this calcu- 
lation by rotating a labfixed frame to the probe frame of IPSL 
in rigor and then subsequently rotating this frame to every 
other probe frame using the rotations Ri. The initial rotation 
to IPSL in rigor, designated R6 (see Figure 2), is an Euler 
rotation with angles Q6. The angles represented by Q6 were 
varied over all possible values, and, at each choice of Q6, the 
overlap of the rotated lab frame with the appropriate probe 
probability distribution function was computed. We chose the 
best value for Q6 by maximizing the sum of the overlaps from 
each probe distribution. 

We consider the findings of this computation a suggestion 
for Q6 since a more rigorous estimate could be made only by 
knowing the real probe distribution function given by N in eq 
1. The distribution functions we must use are based on eq 15 
where only a subset of the order parameters are known. 

J.  Model Calculationr. We checked the computer program 
written to implement the methods introduced here for its ability 
to locate the correct solution for Euler angles and unknown 
order parameters. We did this with model calculations in 
which order parameters calculated from a Gaussian distri- 
bution of probes were rotated to various orientations with 
randomly selected Euler angles. This complete set of order 

I J V 

FIGURE 3: Fluorescence polarization experiment where emitted light 
is wllected at 90° from the excitatirp beam. Exciting light propagating 
along the y-axis has polarization Eer Emitted light is collected from 
along the x-axis with linear polarization (after passing through a 
polarizer) ii. In our muscle fiber experiments, the fiber axis was always 
oriented along the z-axis. 
parameters so generated gives the theoretical values for all of 
the unknown order parameters in our calculation. The theo- 
retical order parameters pertaining to spin labels are used to 
compute the EPR spectra that are input to the computer 
program. The order parameters pertaining to fluorescence 
probes are used to calculate theoretical polarization intensities 
that are also input to the program to simulate a real appli- 
cation. 

When the program was allowed to search through the 15- 
dimensional Euler angle space, as it would in a real application, 
the program identified all 15 of the correct Euler angles by 
indicating the XL for the correct choices to be a factor of lo4 
smaller than that for the next best choices. This solutions also 
computed all of the order parameters to within - 1% of their 
theoretical values. The excellent correlation between the 
theoretical and calculated order parameters and the clear 
ability of the method to identify the correct Euler angles gives 
us confidence that our program works as it is intended. 

Another version of our program extends the resolution of 
the standard program by including contributions of order 
parameters of rank j = 1 and 3. This extension requires 
additional data from the fluorescent probes of a form briefly 
described as follows. We identify the fluorescence intensities 
by wavelength (excitation, A,, and emission, &,) and by the 
orientation of the polarization of the electric fields of the 
exciting and emitted light. If a fiber axis is oriented along 
the lab frame z-axis, the exciting light is propagating along 
the lab y-axis, and the emitted light is analyzed and detected 
along the lab x-axis as shown in Figure 3, then fluorescence 
intensities are uniquely defined by F(#,x,A,,, Ae& where $ 
is the angle the electric field of the exciting light (E,) makes 
with the lab z-axis and x is the angle the electric field of the 
emitted light (ii) makes with the lab z-axis after passing 
through the emission polarizer. Fluorescence intensities where 
$ or x are Oo or 90° do not depend on the rankj = 1 or 3 order 
parameters (see eqs A4-A9). We must have other intensities 
in our data set to detect the contribution from the j = 1 and 
3 order parameters. We choose to include the intensities from 
$ or x equal to 30' or 60° in addition to the intensities in the 
standard measurements. 

We performed a model calculation identical to that de- 
scribed above but now extended to include the j = l and 3 
order parameters. The input data set included the fluorescence 
polarization ratios resulting from J. and x equal to Oo, 30°, 
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60°, and 90° (amounting to 16 intensities that are combined 
into 15 ratios). The extended program was equal to the 
standard program in its ability to identify the correct Euler 
angles and unknown order parameters. This suggests that a 
significant angular resolution enhancement may be obtained 
by extending the data set measured from the fluorescent 
probes. The importance of this result will be investigated in 
future work. 

DISCUSSION 
The role of cross-bridge orientation in muscle contraction 

has been thoroughly investigated experimentally with the use 
of extrinsic direction-reporting probes attached to the myosin 
head [for a review, see Burghardt and Ajtai (1990)l. The 
extrinsic probes are site selective on myosin S 1, not detrimental 
to protein or muscle function, and the signals originating from 
EPR and fluorescent probes have a high signal-to-noise ratio 
that are rich in probe orientation information. 

Despite these advantages, fluorescent and EPR probe studies 
of cross-bridge orientation produced contradictory interpre- 
tations of the data. The extension of these probe studies, using 
a global approach for mapping probe angular movements, is 
introduced to explain quantitatively the conflicting findings 
of the probes. It is generally understood that no single probe 
can investigate all three angular degrees of freedom in which 
a myosin cross-bridge (or generally a protein in a biological 
assembly) can move. The experimental techniques (as in 
fluorescence polarization and EPR) or the precision with which 
the technique is used cannot compensate for the unfavorable 
alignment of the probe axis with the principal axis of rotation 
of the cross-bridge or the equivalence of a physical probe 
rotation with a rotational ambiguity of the signal. Although 
the possibility of obtaining EPR spectra from oriented samples 
at high microwave frequencies (i.e., at Q-band compared to 
the more commonly used X-band) could permit enhanced 
resolution of spin probe orientation changes (Robinson et al., 
1985). 

With these limitations in mind, it is clear that our goal is 
to gain insight into the global motion of the cross-bridge by 
combining the information from different complementary 
techniques and/or different probes. This combination of data 
is more able to eliminate ambiguity or accidental degeneracy 
in detecting probe rotation. The results of the application of 
our analytical technique to specific probes of the myosin 
cross-bridge are described in the accompanying paper (Ajtai 
et al., 1992). 

Our method is generally applicable to biological assemblies 
where multiple specific probes can be introduced into the 
oriented sample. The mdst important advantages of the me- 
thod are that (i) ambiguities in the angular distribution of the 
direction-reporting probes are reduced or eliminated, (ii) the 
angular resolution of both fluorescent and spin probe distri- 
butions are significantly enhanced, and (iii) the combination 
of probe data sets yields the Euler angles relating the probe 
molecular frames on the protein surface. 

We demonstrate advantage (i) with the spin probe distri- 
butions plotted in the accompanying paper. Previous to this 
work, we showed that the analysis of EPR spectra from in- 
dividual probes yielded a probe distribution that was un- 
changed under coordinate translations (Ply) - (~-@,-y), 

m) (Burghardt & French, 1989). These symmetries of the 
probe angular distribution represent ambiguities that are in- 
troduced by the limitations of the experimental technique used 
to measure order parameters. Our method of combining data 
sets of different probes removes some (all of them if j = 1 and 

(&*+r), (*-P~+rh ( 8 , ~ ) ~  (a-P,-u), ( P r y ) ,  and (T-P, 

Biochemistry, Vol. 31, No. I, 1992 205 

3 order parameters are included) of these ambiguities so that 
the real probe distribution can be observed. 

We demonstrate advantage (ii) with the fluorescent probe 
distributions plotted in the accompanying paper. The angular 
resolution is enhanced because the total number of order pa- 
rameters that are determined is larger than that directly 
calculable from the individual probe data sets. In addition, 
because the relationships between the fluorescent and spin 
probes are known (i.e., the Euler angles relating the probe fmed 
reference frames are known), the fluorescent probe order 
parameters of rank j > 4 (that cannot be directly detected by 
fluorescence intensities) can be calculated by rotating the 
appropriate spin probe order parameters. We use our ability 
to do this in the accompanying paper where fluorescent probe 
angular distributions are shown that include contributions from 
r a n k j  = 6 order parameters. 

We demonstrate advantage (iii) again in the accompanying 
paper where the Euler angles relating the probe-fmed reference 
frames are used to plot the angular trajectory of the absorption 
and emission dipoles of 15IA as a function of excitation 
wavelength. The ability to experimentally rotate these dipoles 
using wavelength variation (either excitation or emission) is 
critical to the demonstration that rigor cross-bridges rotate 
upon binding MgADP (Ajtai & Burghardt, 1987). Visualizing 
the orientation of the dipoles in space aids us in suggesting 
models for muscle contraction. 

Work in progress uses this global approach for mapping 
probe movements to (i) extend resolution of the probe angular 
distribution to the order parameters j = 1 and 3 and (ii) 
investigate the internal flexibility of the myosin cross-bridge. 
Extending the method to estimate the j = 1 and 3 probe order 
parameters is a matter of measuring the fluorescence polar- 
ization intensities for a larger set of excitation and emission 
polarizer orientations. These odd rank order parameters could 
be important in muscle contraction since they break the sym- 
metry in which probe distributions are unaltered by the co- 
ordinate transformation (B,r) - (a-P,*+r). 

One approach for investigating the internal flexibility of 
myosin would be to use data from EPR and fluorescent probes 
on spatially separated sites on the myosin cross-bridge. Our 
analysis of multiple probes presumes that the cross-bridge 
rotates as a rigid body. The correctness of this assumption 
is tested by whether or not data from spatially separated probes 
are consistent with the rigid body rotation of the probe host. 
We have methods for placing probes on myosin SH1 and SH2. 
SH1 and SH2 will serve as the spatially separated probe sites 
on which to base this analysis. 

APPENDIX 
The fluorescence intensities are identified by wavelength 

(both excitation, &, and emission, a,) and by the polarization 
of the electric fields of the exciting and emitted light. Figure 
3 shows the lab frame with exciting light of wavelength A,, 
propagating along the y-axis-with the linearly polarized electric 
field orientation given by E,,, such that 

where Eo is a scalar independent of polarization. Emitted light, 
propagating along the x-axis, is linearly polarized along ii by 
the emission polarizer and passes through a filter or mono- 
chromator to select the emission wavelength, Aem. The ori- 
entation of the emitted light polarization, ii, is given by 

ge, = Eo(-sin +, 0, cos $1 (All  

ii = (0, sin x, cos x) (A2) 
The relationship between the fluorescence intensity 

F(+,x,Aex,Aem) and the probe order parameters is given by 
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formulae derived previously in a more general form (Bur- 
ghardt, 1984). It can be shown that if the probe transition 
dipoles in the probe fixed frame are assumed to be of the form 
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f i a  = (0, 0, 1) 
fie = (sin 8, 0, cos 6)  

(A31 
(A41 

and if v is a 25 X 1 array made from the fluorescent probe 
order parameters such that 

v = la8,o. ab.0, @b,l + 4,-1)/(2i)* ( 4 , l  - ab,-1)/2, 4 , 0 ,  

(4,' + &1)/(2~)* ( 4 . 1  - aoz,-1)/2, (a,",, + a02,-2)/2, 
( 4 2  - aI3,-2)/(2i), 4 . 0 ,  (4.1 + aI3,-1)/(2i), 

(ai,, - aI3,-1)/2, ( 4 2  + 4,-2)/2, ( 4 2  - aI3,-2)/(W, 
( 4 3  + 4,-3)/(2i), (4.3 - aI3,-3)/2, 4 . 0 9  

( 4 , l  + a d . - l ) / m  (a& - 4,-1)/2, ( 4 . 2  +ad,-2)/2, 
( 4 2  - ad,-2)/(29, ( 4 3  + 4,-3)/(2i), ( 4 3  - ad,-3)/2, 

(4.4 + al$,-4)/2, (4.4 - 4,-4)/(20l (A51 

Burghardt and Ajtai 

to be able to use the fluorescence polarization data to solve 
for t h e j  = 1 and 3 order parameters. 

The expression for F in equs A5-A9 is substituted into eqs 
9, 10, and 11 to form equations relating fluorescent probe order 
parameters to the observable polarization ratios. Order pa- 
rameters v are related to the spin probe order parameters u 
by an appropriate rotation of the form of eq 3. The combi- 
nation of these relationships leads to eq 13 and the explicit 
expression for the elements of matricies G and kf. 

Registry No. MgADP, 7384-99-8. 
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then 
F ( $ , X , L l ~ , , )  = Bv (A6) 

B = (8?r2)1/2(1/9, 0, -i/(2/5)b(l) sin 8 cos 8, 0, 
(1 /5)1/2[(2/9)(cos2 $ - 0.5 sin2 $)(cos2 x - sin2 x) + 

(2/3)1/2Lf- /(2/7)b(2)](cos2 e - 0.25 sinZ e)], 0, 
(1/5)1/2 sin 8 cos 8[(2/7)II2b(2) - 2fl, 

(1/5)1/2 sin2 el f+ (2/7)1/2b(2)], 0, 0, 
(4/35)'l2ib(3) sin 0 cos 0, 0, 0, -(1/14)1/2ib(3) sin2 8, 

0, 0, (4/105)'/2b(4)(cos2 8 - 0.25 sin2 e), 0, 
-(4/21)'l2b(4) sin 8 cos 8, 

(1/42)ll2b(4) sin 0, 0, 0, 0, 0, 01 (A7) 

f = (1/3)(1/6)1/2(2 - 3 sin2 x) (A81 

60') = (2,2,0,0p,0)(2/27)1/2(cos2 $ - 0.5 sinZ $) X 
(2 - 3 sin2 x) + 0.25(2/3)'/2 sin2 $ sinZ x( (2,2-2,2[i,O) - 

(2,2,2,-2[i,O)) + i(2/3)1/z sin $ cos $ sin x cos x X 
( ( 2,2,-1,1 p,O) - (2,2,1 ,-I p,O)) (A9) 

i = 47, and (jlJ2,ml,m2~,m) is the Clebsch-Gordon 
coefficient (Davydov, 1963). Inspection of eq A9 shows that 
if $ or x equals 0' or 90' then bG = 1) = b(j = 3) = 0, 
implying that t h e j  = 1 and 3 order parameters do not con- 
tribute to the fluorescent intensity. As mentioned in the text, 
one must select values for $ and x different from Oo and 90° 


