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Steady-state and time-resolved fluorescence anisotropy measurements of eosin in solution and eosin-5-maleimide bound to purified 
myosin were made to study localized motions of the “head region” of this protein. The lifetime and apparent Debye rotational 
relaxation tunes of eosin in aqueous solution are essentially invariant with changes in excitation wavelength. In more viscous solvents, 
such as propylene glycol/water mixtures, the apparent Debye rotational relaxation times of eosin differ upon excitation in the 

regions of positive and negative anisotropy. Using eosin attached to the SH-1 thiol of the myosin head differing rotational modes of 
the bound probe were detected, dependent upon excitation wavelength. The main features of the anisotropy data for eosin-myosm are 
consistent with the existence of a ‘crevice.’ or ‘pocket’ in the myosin head. A model is presanted which allows estimation of the ratio 
of distinct rotational diffusion terms (selected by different excitation wavelengths) that produce both the observed steady-state 
anisotropy and differential phase results. 

1. Introduction 

Time-resolved and steady-state fluorescence an- 
isotropy studies have been increasingly utilized to 
investigate dynamics of complex proteins and 
other macromolecules (ref. 1, and references cited 
therein). In particular, there have appeared both 
theoretical and experimental studies of dyes, dye- 
protein adducts, intrinsic protein chromophores, 
and membrane systems capitalizing to some de- 
gree on the excitation wavelength dependence of 
certain spectroscopic probes [2-131. In an effort to 
enhance the interpretation of our preliminary 
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studies [ll-131, we investigated in further detail 
certain analytical aspects of the relationship be- 
tween wavelength-dependent fluorescence anisot- 
ropy data and rotational motions. In this report 
we utilize the well-studied protein myosin in con- 
junction with the luminescence probe eosin. 

Recent evidence has reinforced the fundamen- 
tal importance of the ‘head’ region of myosin in 
contractile function [14]. It appears that the flexi- 
bility and relative dynamic motional properties of 
the major structural ‘subdomains’ are important 
in the contractile process. Time-resolved biophysi- 
cal studies have demonstrated that myosin heads 
are segmentally flexible about a swivel-like con- 
nection to the filamentous tail (refs 15 and 16, and 
references cited therein). More localized ‘internal 
motions of the head region and their relationship 
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to the enzymatic or contractile function have yet 
to be fully characterized. The experimental sup- 
port derives from ‘H-NMR and transient electri- 
cal birefringence data (17,18). 

As data from oxygen quenching and related 
spectroscopic experiments have shown, local, rapid 
internal motions of a protein structure are com- 
mon. Proteins or other biopolymers thus cannot 
generally be represented solely in terms of a rigid 
hydrodynamic ellipsoid or similar model [19]. De 
pending on the time scale monitored, the motions 
of a fluorophore, its environment and the protein 
as a whole need to be incorporated into what has 
been termed a ‘restricted flexible model’ [20]. 

We have thus made fluorescence anisotropy 
measurements of myosin labeled with specific 
site-directed probes capable of monitoring both 
fast, ‘localized’ motions, as well as relatively 
slower, more ‘global’ rotations. Steady-state and 
time-resolved measurements were performed at 
different excitation wavelengths in order to in- 
crease the information content on the probe’s ro- 
tational modes. This approach involves the photo- 
selection of transition dipole moments exhibiting 
significantly different orientations [2,.5,10-131. Ex- 
citation wavelength dependent steady-state Perrin- 
Weber anisotropy data were originally interpreted 
[12] according to a model considering rotational 
correlation times, corresponding to anticipated 
motional rates for the protein, a protein subdo- 
main and the probe itself. The data were fitted 
using a nonlinear least-squares approach [21]; in 
that work, however, it was generally necessary to 
incorporate opposing or ‘negative’ relative mo- 
tions to produce a satisfactory fit. Further consid- 
eration of the relationship between experimental 
results and all their potential theoretical bases has 
now led to an apparently more fundamental ex- 
planation. Presented here are experimental data, 
as well as a discussion of specific aspects of analy- 
sis germane to their interpretation. 

2. Materials and methods 

Eosin Y lactone was purchased from Aldrich 
and eosin-5-maleimide was obtained from Molec- 
ular Probes; dye purity was monitored by silica 

gel thin-layer chromatography. Sucrose for the 
isothermal fluorescence anisotropy measurements 
was obtained from Sigma or Aldrich and recrystal- 
lized two to three times from methyl alcohol to 
minimize the presence of impurities as monitored 
by fluorescence spectra obtained with ultraviolet 
(e.g., 350 nm) excitation. Buffers and other chem- 
icals were highest quality analytical reagent grade. 

Myosin and the chymotryptic S-l subfragment 
(lacking the filamentous tail) were prepared from 
rabbit skeletal muscle as described with minor 
modifications [22-251. Since small amounts of 
other muscle proteins may be present in this 
preparation, and since fluorescence anisotropy re- 
sults may be sensitive to the presence of any 
nonspecifically labeled low molecular weight im- 
purities, we further purified myosin using DEAE- 
cellulose ion-exchange chromatography or using 
an agarose-hexane-ADP affinity gel (P & L Bio 
chemicals). Preparation purity was checked by 
SDS gel electrophoresis with Coomassie blue 
staining of protein bands. Myosin ATPase activity 
was monitored by the pH stat method [26]; with 
0.1 mg in 2 ml reaction mixture at 25OC (1 mM 
Tris-maleate, 10 mM CaCl,, 2 mM ATP, pH g), 
activity was typically 1 J.bmol/min per mg. 

Eosin was conjugated to the SH-1 thiol of the 
(20 kDa domain) of myosin following the proce- 
dure of Kinosita et al. [27]. Unreacted dye was 
removed with a 10 cm Sephadex G-25 desalting 
column (Pharmacia) and/or extensive dialysis 
against buffer at 5’C. Buffer for solubilizing 
myosin was 500 mM KCl, 10 mM Mops, 0.1 mM 
EDTA, pH 7. Protein concentrations were prima- 
rily measured using ultraviolet absorption meth- 
ods [23]. For fluorescence measurements, the ab- 
sorbance of the preparation at the wavelength of 
excitation was adjusted to below 0.1 to avoid 

artifacts. 
Excitation polarization spectra were recorded 

on a T-format fluorescence spectrometer (either 
an SLM-Aminco 8000 or a laboratory-built instru- 
ment of comparable design). For display clarity, 
data for these excitation spectra are presented in 
terms of polarization (p), while all other figures 
utilize anisotropy (r); these are directly related by 
the expression: r = 2p/(3 - p). Isothermal 
Pen-in-Weber plots at 5 o C were made by varying 
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the solution viscosity with sucrose additions; where 
necessary, background counts of the medium 
(minus fluorophore label) were subtracted. The 
value of rO/r is plotted vs T/q, where r,, is the 
anisotropy of the dye immobilized in glycerol at 
- 20 o C, T the absolute temperature (in K) in the 
sample cuvette monitored by a thermistor, and n 
the solution viscosity (in cP). 

Time-resolved fluorescence measurements were 
carried out using a multifrequency phase fluo- 
rometer based on the instrumentation of Gratton 
and Limkeman [28]. In the multifrequency phase 
and modulation approach to time-resolved mea- 
surements, the intensity of the exciting light is 
modulated and the phase shift and relative mod- 
ulation of the emitted light, with respect to the 
excitation, are determined [29]. 

In addition to fluorescence lifetime determina- 

tions, the multifrequency phase and modulation 
method permits characterization of the rotational 
modes of a fluorescence molecule [30,31]. In the 
time domain, such information is obtained from 
anisotropy decay data; the frequency domain 
equivalent of these data is obtained by differential 
polarized phase fluorometry (also known as dy- 
namic polarization). In this approach, the sample 
is illuminated by parallel polarized light, the in- 
tensity of which is modulated at high frequencies. 
The phase delay between the parallel and per- 
pendicular components of the emission ($,, and 
+,) are determined and the differential phase 
function (A+) may be calculated as [29]: 

A@=$,,-cp, 

where, for an isotropic rotating molecule, 

A~={18wr,R}/{[(kZ+w2)(1+r,-2$)] 

+6R(6R + 2k + kr,)} 

where r, is the limiting anisotropy, R the rota- 
tional diffusion coefficient, k the radiative decay 
rate constant (l/r) and w the angular modulation 
frequency. 

The corresponding expression for the differen- 
tial modulation ratio is 

*= [(i-~o)k+6~]2+(~-r,)2~2 

[ (1+ 2r,)k -t- 6R12 + (1 + 2r&* 

where M,, and M, are the respective demodula- 
tion ratios for the parallel and perpendicular 
emitted components. 

Analysis of the phase decay (or modulation 
ratio) vs frequency curves thus permits one to 
characterize the fluorophore’s rotational parame- 
ters. The data can be fitted to a range of models 
including anisotropic rotators and combinations 
of global and local rotations which have been 
demonstrated in a number of fluorophore-protein 
cases. 

Computer analysis and fitting of steady-state 
and time-resolved anisotropy data were accom- 
plished using software from ISS (Champaign, IL). 

The essential equations are given below: 

Z,,(t) = g(l‘+ 2r(_)(l))e-“’ 

+(1 -g)(l+2r(+,(l))e+’ 

Z*(l) =g(l -+,(‘))e-“’ 

+(1 -g)(l -r&))e-“’ 

where r(_,(‘) and r(+)(t) correspond to the decay 
of the anisotropies excited at the negative and 
positive regions of the excitation polarization 
spectrum, respectively, and g is the relative frac- 
tion of the observed decay due to each individual 
decay. The steady-state anisotropy, r,,, is then 
given by: 

(Z,,> - (ZI> 
rss = (Z,,) + 2(Z, ) 

where the (4,) and (Z, ) indicate time-averaged 
values. The -standard deviation of each individual 
data point was assumed to be 0.2 and 0.004° for 
the phase and modulation, respectively. This as- 
sumption can produce a x2 value different from 
1, if the red standard deviations are different. 
However, the values of the parameters are unaf- 
fected by the common value of the weight. 

3. Results 

Excitation polarization spectra recorded under 
conditions where the rotational and translational 
motions of the dye are fully restricted demonstrate 
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Fig. 1. Excitation polarization spectra of eosin-S-maleimide 
adducts of N-acetylcysteine in glycerol (open symbols) and 
myosin in buffer (closed symbols). Both samples were thermo- 
statted at 5OC. Excitation bandwidth was 2 nm and emission 

was monitored through a cutoff filter (Schott GG089) which 
passed wavelengths longer than 550 nm. 

wavelength dependence of the intrinsic or limiting 
polarization, pa (or anisotropy, rO). The excitation 
polarization spectra of eosin-5-maleimide cova- 
lently linked to myosin and to the model com- 
pound N-acetylcysteine are shown in fig. 1. Exci- 
tation into the lowest energy absorption band 

(e.g., > 500 nm) yields high, positive pa values, 
whereas absorption by higher energy bands with a 
different orientation of the absorption dipole (e.g, 
at 310 and 350 nm) produces negative values. The 
major features of wavelength dependence of di- 
pole orientation for eosin are retained upon bind- 
ing to the protein. The absorption dipoles for 
transition moments excited by 350 and 514 nm 
radiation are nearly normal one to another, 
whereas the emitted fluorescence arises from the 
same dipole for either excitation wavelength. 

The steady-state polarization of eosin-myosin 
excited at 514 nm was 0.40 f 0.01 in buffer at 
5°C. On the other hand, the p,, for eosin is 
approx. 0.47. If measurements are made in a buffer 
solution containing 70% glycerol at - 2” C, the 
polarization of free eosin is still relatively high 
(0.445 -I_ O.OOS), whereas p0 for eosin-myosin re- 
mains comparatively low (0.40). 

Rotational information from steady-state mea- 
surements was obtained using Perrin-Weber an- 
isotropy plots recorded by varying the solvent 

viscosity at a constant temperature. Isothermal 
plots have the advantage of eliminating the tem- 
perature-dependent activation of thermal rota- 
tional modes of the system. The data points in fig. 
2A and B show the values of the fluorescence 
anisotropy of the eosin-myosin and eosin-cysteine 
conjugates, respectively, with excitation wave 
lengths of 350 and 514 nm at various viscosities. 
Results are presented in a standard format nor- 
malized to the value of rO. The linear response of 
the plot in fig_ 2B shows that eosin free in solution 
exhibits isotropic hydrodynamic behavior, since 
no significant differences in rotational behavior 
are observed, even when absorption dipoles of 
markedly differing orientation are excited. On the 
other hand, restricted motion and anisotropic ro- 
tations are exhibited by the protein-bound probe 
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Fig. 2. (A) Isothermal Pert&t-Weber anisotropy plot of eosin- 
5-maleimide adduct of myosin in buffer with excitation at 514 
MI (lower curve) and 350 nm (upper curve). (B) Isothermal 
Perrin-Weber anisotropy plot of eosin Y in buffer with excita- 

tion at 514 nm (open symbols) and 350 nm (closed symbols). 
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Fig. 3. Three-dimensional contour plot of isothermal Perrin- 
Weber anisotropy data for eosin-5-maleimide adduct of myosin 
in buffer at 5°C with seven different excitation wavelengths. 
Maximum value of ro/r at 360 nm was 1.4. Emission moni- 
tored through cutoff filters (Schott GGOg’I+KV399). Maxi- 

mum absorbance was less than or equal to 0.06. 

(fig. 2A). A more detailed examination of excita- 
tion wavelength dependent Perrin-Weber plots is 
shown in fig. 3. 

Data for measurements of fluorescence life- 
times of wsin by multifrequency phase and mod- 
ulation fluorometry are presented in fig. 4. The 
lifetimes are essentially invariant with changes in 
excitation wavelength (351 and 514 nm) for both 
free and protein-bound dye. We did observe a 
typical lengthening of the lifetime upon binding 
(- 1.2 ns for eosin Y and 2.2 ns for eosin-myosin). 
These data show that differences in rotational 
behavior based on wavelength-dependent fluores- 
cence anisotropy results are not due simply to 
different excited-state lifetimes. 

As for steady-state anisotropy data presented 
above, differential phase (dynamic polarization) 
measurements show clear wavelength-dependent 
differences in the apparent rotational modes of 
bound probe (fig. 5). For 351 or 514 nm excitation 
of free wsin, rotation is essentially isotropic, with 
a Debye rotational relaxation time of approx. 0.4 
ns. Bound to myosin, however, two components 
are evident for 351 and 514 nm, as summarized in 
table 1. The fractional weighting of the faster rate 

Frequency (MHZ) 

Fig. 4. Phase (closed symbols) in degrees and modulation 
(open symbols) lifetime data for eosin Y (triangles) and eosin- 
5-maleimide-myosin adduct (circles) recorded at 2O’C. The 
solid lines indicate the best nonlinear least-squares fit as listed 
in table 1. Data for excitation at 351 and 514 nm were 

indistinguishable. 

was considerably smaller for 351 nm (< 0.1) than 
for 514 nm (> 0.4), thus providing evidence for 
highly anisotropic rotation. Experimental data for 
eosin linked to the S-1 myosin head subfragment 
did not show any significant difference from that 
of eosin-myosin (not shown). 

For comparison, dynamic polarization data for 
eosin Y in 90% propylene glycol are shown in fig. 
6 and table 1. Although the steady-state polariza- 
tion for eosin in this system is comparable to that 
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Fig. 5. Differential phase data for eosin Y (excitation: A, 514 
run; A, 351 nm) and eosin-5-maleimidemyosin adduct (excita- 
tion: 0, 514 nm: l 351 nm) excitation at 20°C. The best 
nonlinear least-squares fit for component D&ye rotational 
relaxation times and fractional contributions is reported in 

table 1. 
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Table 1 

Summary of lifetimes (T, in ns) and Debye rotational relaxation times (D, in ns) for eosin Y and EMI-myosin 

Excitation wavelength (mu) 

Intensity decay 

E&n Y 
Buffer b 
Propylene glycol/H 2O 

EMI-myosin 
Buffer b 

Anisotropy decay 

514 351 

71 fi p X2 71 fi B X2 

rc, 

1.16 0.99 3.91 1.18 1.00 2.77 
2.41 1.00 2.65 2.41 1.00 6.94 

2.16 0.99 1.13 2.25 1.00 2.19 

PI ai P2 a2 PI aI P2 a2 

Eke Y 
Buffer b 0.51 0.36 - _ 0.45 - 0.125 _ _ 

Propylene gIycoI/H 2O 15.6 0.36 - - 10 -0.125 - 

EMI-myosin 
Buffer b 390 0.21 0.42 0.15 150 - 0.115 2.50 - 0.010 

’ In some eases a small component attributed to scattering was used with rz fixed at 0.001 ns in order to improve tbe fit. 
b Buffer consisted of 0.5 M KCI, 10 mM Mops @H 7.0), 0.2 mM EDTA. 

measured for eosin-myosin, the rotational behav- 
ior is essentially isotropic. The Debye rotation 
relaxation time for both excitation wavelengths is 

reduced by a little more than an order of magni- 

10 100 

Frequency (MHz) 

Fig. 6. Differeotial phase data (in degrees) for eosin Y in 90% 
propylene glycol/lO% water with exeitatiou at 514 nm (open 
symbols) and 351 nm (closed symbols). Tbe soIid lines indicate 
tbe best nonliuear least-squares fit for component Debye rota- 
tional relaxation times and fractional contributions, as listed in 

table 1. 

tude, from approx. 0.5 to lo-15 ns, as expected 
for the more viscous environment. 

4. Disacssion 

Nonconventional Perrin-Weber plots, such as 
fig. 2A, can simply arise from the superposition of 
two anisotropy terms, one with positive and the 
other with negative limiting anisotropy. Further- 
more, the two anisotropy terms must respond to 
rotations of the system in a different way. For this 
effect to occur, the particular alignment of the 
emission dipole, which is selected by the different 
excitation wavelength, must also preferentially 
select two very distinct rotational diffusion terms. 
In our experiments, this occurrence is reflected in 
several spectroscopic properties including the 
steady-state excitation polarization spectrum 
which is dependent on the excitation wavelength 
but has a different shape at different values of 
T/r) (see fig. 3). 

To obtain a qualitative estimation of the ratio 
of diffusion coefficients for the two principal axes, 
selected by the different excitation wavelengths, 
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Fig. 7. Simulation of Perk plots using the addition of ‘yo 
rotational spccics using tltc following parameters: T = 2J ns, 
r, = 0.36, r,,z = -0.125. The rotational relaxation time used 
for the simulations roughly corresponds to the value &ported 
in table 1. It was assumed that viscosity affects the kotational 
relaxation times in a manner according to the Stokks-Einstein 
relationship. The two curves correspond to a value of g = 0.915 

and 0.253 for the lower and upper curve, respectively. 

we consider a simplified model in which the orien- 
tations of the two transition dipole moments 
coincide with the principal axes. This assumption 
will lead to an evaluation of the minimum asym- 
metry which is compatible with the experimental 
results. Since we observe a quantity which is pro- 
portional to an ‘average projection’ of the transi- 
tion dipole moments on the principal axis, our 
model can only evaluate that projection. The ef- 
fective asymmetry can, of course, be larger. For 
each of the two motions, we assume free rotation. 
We are well aware that the rotational motion is 
more likely restricted, but again, we are interested 
in the order of magnitude of the asymmetry ratio. 

Simulations based upon this model are shown 
in fig. 7 for the steady-state Perrin-Weber plots. 
These stimulations illustrate the effect of increas- 
ing the fractional contribution of the negative 
polarization component. The simulations qualita- 
tively reproduce the observed behavior of the 
steady-state polarization and differential phase 
measurements. 

Comparison of the data for free eosin with the 
eosin-myosiu data suggest that when bound, the 

probe exhibits anisotropic rotational motion. Exci- 
tation at both 351 and 514 nm reveals a very slow 
rotational component (> 100 ns), presumably due 
to the global motion of the large (480 kDa) pro- 
tein. In addition, excitation into the 514 nm dipole 
direction results in a relatively fast subnanosecond 
component, similar in rate to freely rotating eosin 
in aqueous solution (table 1). On the other hand, 
excitation into the 351 nm dipole (approximately 
at 90 O relative to the 514 nm transition moment) 
reveals a somewhat slower rotational component 
of a few nanoseconds for both steady-state and 
dynamic polarization. For perspective, the latter 
can be compared to the approx. 10 ns rotational 
relaxation time for free eosin in ‘viscous’ pro- 
pylene glycol water solution (fig. 6). 

Considering the steady-state polarization values 
for free eosin and eosin-myosin in 70% glycerol 
(cf. section 3), if the bound eosin were substan- 
tially exposed to the glycerol solution, one might 
expect a value closer to that for free dye in the 
same viscous environment. One can speculate con- 
cerning the potential shielding effect of a protein 
‘pocket’. The analysis of the differential phase 
data (table 1) indicates there is indeed a rapid 
rotation of the fluorophore consistent with the 
steady-state results. Corroborative measurements 
have been reported based on fluorescence energy 
transfer of several probes bound to myosin [32]. 
Those data pointed to a rather large ‘hydrophobic 
crevice’ on each head, large enough to acwmmo- 
date several aromatic rings, including MgATP and 
a probe bound to the SH-1 thiol. Though conjec- 

tural, this structural arrangement may facilitate 
the enzymatic functioning of myosin. 
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