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Orientation of the Myosin Light Chain Region by Single Molecule Total
Internal Reflection Fluorescence Polarization Microscopy

Margot E. Quinlan, Joseph N. Forkey, and Yale E. Goldman

Pennsylvania Muscle Institute, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6083

ABSTRACT To study the orientation and dynamics of myosin, we measured fluorescence polarization of single molecules
and ensembles of myosin decorating actin filaments. Engineered chicken gizzard regulatory light chain (RLC), labeled with
bisiodoacetamidorhodamine at cysteine residues 100 and 108 or 104 and 115, was exchanged for endogenous RLC in rabbit
skeletal muscle HMM or S1. AEDANS-labeled actin, fully decorated with labeled myosin fragment or a ratio of ~1:1000
labeled:unlabeled myosin fragment, was adhered to a quartz slide. Eight polarized fluorescence intensities were combined with
the actin orientation from the AEDANS fluorescence to determine the axial angle (relative to actin), the azimuthal angle (around
actin), and RLC mobility on the <10 ms timescale. Order parameters of the orientation distributions from heavily labeled
filaments agree well with comparable measurements in muscle fibers, verifying the technique. Experiments with HMM provide
sufficient angular resolution to detect two orientations corresponding to the two heads in rigor. Experiments with S1 show
a single orientation intermediate to the two seen for HMM. The angles measured for HMM are consistent with heads bound on
adjacent actin monomers of a filament, under strain, similar to predictions based on ensemble measurements made on muscle
fibers with electron microscopy and spectroscopic experiments.

INTRODUCTION

Repeated cycles of myosin attachment to actin, tilting and
detachment, fueled by hydrolysis of ATP, are thought to
translocate interdigitating filaments in muscle (1,2) or var-
ious cellular cargoes in nonmuscle cells (3). The ‘‘lever arm
hypothesis™ suggests that the motor domain (MD) of the
myosin head binds rigidly to actin, whereas the light chain
domain (LCD) produces the motion by rotating about a ful-
crum within the MD. Evidence from x-ray crystallography,
spectroscopic experiments, electron microscopy, low-angle
x-ray diffraction from muscle fibers, and mechanics in vitro
have provided strong evidence that the LCD serves as a lever
arm, amplifying subnanometer sized motions in the MD
associated with ATP hydrolysis and product release into
nanometer-scale motions at the head-tail junction (4-0).
Some motions or tilting within the MD may also contribute
to force production and filament sliding (7,8).

With the processive myosin isoform V, tilting motions of
the LCD large enough to explain the step length have been
detected in single molecules (9). In muscle fibers, tilting
motions of the RLC have mostly been observed during
filament sliding after length changes (10-13), leading some
to question whether tilting is the result of sliding rather than
causing it (14). The orientation distribution of the LCD in an
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isometrically contracting muscle fiber is very broad due to
thermal rotational motions on the nanosecond to microsec-
ond timescales and due to cycling through all of the states of
the enzymatic cycle (13,15,16). In addition to these dynamic
processes, static disorder, due to the mismatched periodici-
ties of the actin and myosin filaments (17) and/or strain in the
LCD (18,19), is expected to broaden the angular distribution
among the attached myosin heads. The orientational disorder
in rigor (in the absence of ATP) is less than that during active
contraction, but the contributions of static and dynamic
disorder have not been accurately determined. Spectroscopic
evidence suggests broader distributions of the LCD (20,21)
than the MD (22,23).

To address these issues directly, we applied the total
internal reflection fluorescence polarization technique de-
scribed in the accompanying article (24) to simultaneously
detect orientations and dynamics of single myosin molecules
in rigor actomyosin complexes. Orientation of the LCD was
determined using actin filaments decorated with labeled
subfragment-1 (S1) and heavy meromyosin (HMM). Low
and high ratios of labeled to unlabeled myosin subunits
enabled measurements from individual molecules and
populations, respectively. Data from highly labeled filaments
facilitated comparison with measurements on muscle fibers.
In data from individual molecules, the average orientation
and the extent of motions on the microsecond timescale were
determined simultaneously (24). The data suggest that in
rigor, the heads of HMM bind at two orientations that differ
in both tilt and twist. Microsecond dynamic disorder ac-
counts for ~35° of orientational dispersion. The two average
orientations are consistent with the two heads bound to
adjacent actin monomers and strained toward each other. S1
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