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SUMMARY

The function of the src-homology 3 (SH3) domain in class Il myosins, a distinct B-barrel structure,
remains unknown. Here we provide evidence, using electron cryomicroscopy, in conjunction with
light scattering, fluorescence and kinetic analyses, that the SH3 domain facilitates the binding of
the N-terminal extension of the essential light chain isoform (ELC-1) to actin. The 41-residue
extension contains four conserved lysines followed by a repeating sequence of seven Pro/Ala
residues. It is widely believed that the highly charged region interacts with actin, while the Pro/
Ala-rich sequence forms a rigid tether that bridges the ~9 nm distance between the myosin lever
arm and the thin filament. In order to localize the N-terminus of ELC in the actomyosin complex,
an engineered Cys was reacted with undecagold-maleimide, and the labeled ELC was exchanged
into myosin subfragment-1 (S1). Electron cryomicroscopy of S1-bound actin filaments, together
with computer-based docking of the skeletal S1 crystal structure into 3D reconstructions, showed
a well-defined peak for the gold cluster near the SH3 domain. Given that SH3 domains are known
to bind proline-rich ligands, we suggest that the N-terminal extension of ELC interacts with actin
and modulates myosin kinetics by binding to the SH3 domain during the ATPase cycle.
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INTRODUCTION

A puzzling feature of the three-dimensional structure of chicken skeletal muscle myosin,
first described in 1993, was the presence of a small six-stranded {3 barrel at the N-terminus
of the heavy chain (K35 to M80), which appeared to be distinct from the rest of the
structurel. The topology of this domain was noted as being similar to the Src-homology 3
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(SH3) domain, originally identified in Src tyrosine kinases, but also observed in cytoskeletal
proteins such as spectrin2. All class 11 myosins have this N-terminal domain, but it is absent
in class I of the myosin superfamily3. The function of the SH3 domain in myosin remains
unknown. Proximal to this structure is the essential light chain (ELC), which together with
the regulatory light chain (RLC), stabilizes the C-terminal a-helical region of the heavy
chain. The resulting >8 nm long “lever arm” is uniquely endowed to amplify small
conformational changes at the nucleotide binding site into force and movementl.

The importance of the ELC for the structural integrity of the myosin motor has been well
established: removal of the ELC from myosin results in a loss of movement of actin
filaments4, and a reduction in isometric force, as determined by in vitro motility assays5. In
striated slow/cardiac and fast muscle myosins, there are several isoforms of ELC (designated
LC1 or Al), which include an N-terminal extension rich in lysine and proline residues. The
prevailing view is that this extension interacts directly with the actin filament to modulate
the kinetics of cross-bridge cycling6. How it modulates cycling is far less clear; does it do so
by altering the actin filament structure, or by affecting the interdomain interactions in
myosin, or by some combination of both? Another puzzling feature of the ELC is how the
N-terminal peptide of ~40 amino acids bridges a distance of over 8 nm from the lever arm to
the nearest actin monomer in the filament. Assuming the proline residues provide for a
sufficiently rigid extended structure, what happens to this “antenna” when the myosin is
dissociated from actin in the relaxed phase of the cycle?

The answers to questions of biological function ultimately benefit from structural
observations. Unfortunately, there is no crystallographic structure of the N-terminus of the
ELC. This region of the ELC is disordered, as is the shorter N-terminus of the RLC, in the
available crystal structures of the myosin headl. In contrast to the strong protein-protein
interactions between the C-terminal portion of the light chains and the heavy chain in the
lever arm, the interactions of the N-terminal regions are more transitory, and probably have
more of a regulatory role. To approach this problem, we have labeled the N-terminus of the
ELC (Al) with a gold cluster, incorporated it into myosin subfragment-1 (S1), and
determined the location of the gold cluster by electron cryomicroscopy (cryoEM) of actin
filaments decorated with S1. By computer-based docking of the chicken skeletal S1 crystal
structure into three-dimensional (3D) reconstructions of the decorated filaments, we have
been able to show that the N-terminal region of the ELC is located near the SH3 domain in
myosin. Given that SH3 domains recognize proline-rich ligands, and taken together with
light scattering and spectroscopic evidence, we suggest that the proline-rich sequence in the
ELC may modulate the kinetic properties of myosin by using the SH3 domain as a launching
site for its interaction with actin, as well as by modulating interactions between the SH3
domain and neighboring elements in the myosin head.

Functional Properties of the ELC Isoform

Data gathered over several decades for the fast skeletal muscle Al (or LC1) have led to a
consensus regarding certain unique features of this light chain isoform: a) myosin containing
Al has a 2-fold lower actin-activated maximum MgATPase activity (Vmax) and a 5 to 10-
fold lower Michaelis constant (Ky,; i.e. higher affinity for actin) than myosin subfragment-1
(S1) containing the shorter A2 (or LC3) isoform (see Fig. 1A for partial sequences of the
two native ELC isoforms and various deletion mutants of Al); b) the N-terminal sequence
of Al contains a cluster of lysine residues that bind to the C-terminus of actin; c) the Pro/
Ala-rich region of Al enables it to reach the actin-binding site. These conclusions were
derived mainly from a comparison of the properties of S1(Al) versus S1(A2)7 and from
peptides obtained by proteolysis of A18+ 9. Here, we extend these studies through the use of
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genetically engineered chicken skeletal muscle light chains exchanged into chicken skeletal
muscle S1 (for relevant earlier studies see review by Timson, 20036).

At low salt concentrations and in the absence of magnesium cations, actin is a stable
monomer which does not contribute to light scattering. This property can be used to
advantage to show how specific sequences in the N-terminus of Al affect the ability of S1 to
polymerize G-actin monomers into a filament, Fig. 2A. S1 with wild-type (WT) Al,
similarly to S1 with the native Al isoform, is able to rapidly initiate polymerization, unlike
S1 with the shorter A2 isoform which binds to actin, but has little effect on G-actin
polymerization in the course of an hour10. In fact, the extra Arg residue in the fusion
peptide of WT has a slight enhancing effect. Deletion of the putative actin binding site
(..K3KADVKKE.)) reduces the rate of polymerization, but does not abolish it as long as
charged Arg residues are introduced into the sequence (Fig. 2, A13). In the absence of these
added arginines, however, the effect on G-actin is similar to that of A2 (data not shown).
Irrespective of the N-terminal charge, deletion of the Pro/Ala sequence (A29, A43) results in
a complete loss of actin polymerization, as evidenced by light scattering and SDS gel
electrophoresis of samples taken from the light scattering experiments, Fig. 2A and B.

The extent of the interaction of these mutant light chains with actin is reflected in the
enzymatic activity of the reconstituted S1s, Fig. 3A and Table 1. The absence of the N-
terminus of A1, in particular the Pro/Ala region, raises the Vax Of the mutants to twice the
levels found for WT, and the affinity for actin is greatly reduced, as evidenced by the larger
Km, Table 1. The steady-state enzymatic activity can also be correlated with the velocity of
actin filament movement, as measured by an in vitro motility assay using reconstituted
myosins4. The absence of the Pro/Ala sequence (A29, A43) gives motilities that are faster
than those of Al or wild-type, and identical to A2, Fig. 3B and Table 1. The mutant lacking
the N-terminal cluster of lysine residues (A13) slows the actin filament motility only
slightly, but the parallel effect seen in the enhanced affinity for actin (K,) lends credence to
the result. These studies support and extend earlier conclusions that the A1 light chain
interacts with actin through weak electrostatic interactions11: 12+ 13.

Length of the N-terminal Extension by FRET

Although the evidence strongly favors an interaction between Al and actin, the problem
remains of how an extension of ~ 41 residues can bridge a distance of ~ 8 nm between the
lever arm and the actin filament (Fig. 1C). This number of residues rich in prolines could
easily form a long rigid structure with an average rise/residue of ~ 0.3 nm, but is there any
evidence for such a structure? We have addressed this question by engineering a cysteine
mutant (-C3/C45) that spans the entire N-terminal sequence of Al, Fig. 1B. The N-terminal
Cys is in a tag (ACGI-) derived from the expression vector, followed by the native sequence,
and C45 is created by a point mutation at Ser45 to Cys. The double Cys mutant was first
labeled with a substoichiometric amount of the donor probe, 1,5-IAEDANS, fractionated by
Mono Q ion-exchange chromatography to isolate the singly labeled dansylated species, and
reacted with various acceptor chromophores on the second Cys, Table 2. Steady-state
fluorescence resonance energy transfer (FRET) was used to measure the energy transfer
distance (R) between the labeled cysteines. Although the efficiency of energy transfer (E)
varied between 10 and 60%, depending on the acceptor used to quench donor fluorescence,
the calculated distance between the cysteines was remarkably constant at 4.1 nm, Table 2. In
the presence of a strong denaturant, such as 6M guanidine hydrochloride, the degree of
donor quenching for the DAN/DAB pair was similar to that observed in a benign solvent
(data not shown), suggesting that the N-terminal extension in Al adopts a “random coil-
like” conformation. A similar conformation was predicted by analysis of NMR spectra for
an N-terminal peptide (residues 1-37) prepared from A19. Although an observed FRET
value of ~ 4 nm is consistent with a stiff polymeric chain containing Pro/Ala repeats, it is
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still only half the length needed to span the distance between the lever arm and the actin
filament, suggesting that additional interactions with the motor domain and/or actin are
needed for the N-terminal extension to attain its full elongated structure.

Location of the N-terminal extension by cryoEM

An earlier study using cryoEM and traditional helical reconstruction methods compared the
three-dimensional (3D) maps generated by decorating actin with S1(Al) and S1(A2). The
“difference map” showed an extra peak of density in the C-terminal region of actin, which
was assigned to the extra N-terminal residues in A114. This finding was consistent with a
biochemical study showing that the N-terminus could be cross-linked to acidic residues
361-364 of actin15. In order to improve the identification of the density peak seen in the
difference maps, we created an ELC mutant containing a single Cys residue in a tag (-C3) at
the N-terminus of A1, Fig. 1B. This Cys was reacted with undecagold and the labeled ELC
was exchanged into S1(A2). After removal of excess ELC, actin was decorated with S1 for
electron cryomicroscopy, and analyzed by conventional methods of helical image
processing16. Unfortunately, not all attached S1 molecules contained gold, since the
efficiency of labeling ELC was less than 100%, and therefore localization of the gold using
difference mapping was ambiguous.

In order to resolve this problem, we adapted an alternative approach to standard helical
reconstruction algorithms, the Iterative Helical Real Space Reconstruction (IHRSR)
method17, and optimized it for use with actomyosin cryoEM reconstructions18. One of the
main advantages of this method is the ability to sort mixed populations, which enabled us to
significantly increase the signal for the gold cluster population. With the use of this
technique, it was now possible to resolve the gold-labeled N-terminal sequence of Al in the
decorated filaments close to the SH3 domain, Fig. 4A (see Methods for description of image
processing). Given the large size of the gold cluster and its surrounding organic shell (~ 2
nm), one can only expect the probe to lie in the vicinity of its intended target. Despite this
uncertainty, the SH3 domain is clearly the nearest protein structure that can interact with the
N-terminus of Al, Fig. 4C.

Despite the use of the new IHRSR method, the statistical analysis of peaks in difference
maps generated with unlabeled S1(Al) and S1(A2) remained inconclusive, owing to the
relatively small difference in protein mass and the residual scaling errors resulting from
differences in noise level and background. However, one of the three highest peaks in this
difference map was between the SH3 domain and the location of the gold cluster label (data
not shown). No peak was observed in the vicinity of the SH3 domain when difference maps
of unlabeled S1(A1) versus unlabeled S1(Al), or S1(A2) versus S1(A2), were calculated.

As a control, we labeled the reactive sulfhydryl residue (SH1) in the myosin heavy chain
with undecagold, and showed that its location was quite distinct from that of the light chain
and consistent with labeling SH1, Fig. 4B. The peak in this control map is much larger, and
almost one order of magnitude stronger than the SH3 peak. The most straightforward
explanation for this difference is a higher degree of structural flexibility for the Al label
compared to the SH1 label. This is not surprising if in fact the labeled Al residue is ~15
residues away from the proposed SH3/A1 interaction site (prolines), and the N-terminus
must maintain a certain degree of mability in order to reach actin when needed.

We were unable to reproduce the earlier electron microscope studies that suggested the N-
terminal domain of Al binds to the surface of F-actin14. Biochemical studies have indicated
that cross-links between S1(A1) and F-actin can only occur when actin is present in large
excess, presumably because Al binds to the actin monomer below the one that provides the
major binding surface for the S1 heavy chain12: 13. The nucleation of actin polymerization
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by S1(Al1) shown in the light scattering results is consistent with this interpretation.
Therefore, the interaction between Al and actin would not be expected to be favored in a
fully decorated filament. In muscle tissue, actin is in molar excess to myosin heads at all
times, so that the N-terminal ELC extension can always bind to the actin below the
corresponding myosin head.

DISCUSSION

We and others have firmly established that the N-terminus of the ELC isoform (Al)
interacts transiently with actin filaments, and can thereby modify the cycling kinetics of the
myosin motor in striated muscles. But the overriding question remains of how this actin
interaction is coupled to the catalytic domain over a distance of > 8 nm? By means of
improved cryoEM reconstructions using a hybrid approach that combines elements of single
particle and helical reconstruction techniques17+ 18, and a gold-labeled N-terminal residue
in A1, we have shown here for the first time that this proline-rich sequence of Al also has a
binding site near the SH3 domain of myosin. Taken together with light scattering and
spectroscopic evidence, crosslinking, and kinetic analysis, these data suggest that the
communication pathway between the light chain/actin interface and the active site in the
motor domain may be mediated by the SH3 domain, whose function in myosin has hitherto
been unknown.

SH3 domains form small B-barrel structures that are found in many proteins, the best known
of which are the Src tyrosine kinases, where the domain was first recognized. These adaptor
domains bind polyproline-type helices and mediate interactions among different proteins,
often in signal tranduction pathways. Interactions of this nature tend to be low affinity (uM),
and reversible19, properties which would favor an interaction with the proline-rich sequence
in the ELC. The SH3 domain in myosin is located near the N-terminus of the heavy chain,
where it forms a six-stranded anti-parallel p-barrel (Lys35 to Met80) that is connected
through a series of helices and B-strands to the active site. During the stage of the
actomyosin cycle when S1 is detached from actin (the pre-power stroke), the N-terminus of
the ELC may be predominantly bound to the SH3 domain (Figs. 5A,B). Only when S1
attaches to actin is the N-terminus of the ELC in a favorable position to bridge the
interfilament distance between the lever arm and F-actin (Figs. 5C,D). These movements of
the ELC could conceivably affect the interaction of SH3 with the nucleotide-binding region,
and thereby modulate the ATPase activity.

Apart from the structural evidence presented here, are there any solution studies that suggest
an interaction between the N-terminus of ELC and the catalytic domain of myosin? We have
previously measured the orientation and mobility of the N-terminus of LC1 by labeling the —
C3 mutant (see Fig. 1B) with a rhodamine probe and exchanging it into S1. Fluorescence
anisotropy measurements showed a large increase in anisotropy upon the addition of actin,
and, more surprisingly, upon the addition of ATP20. The increase in anisotropy in the
presence of actin is to be expected, but the increase in anisotropy with ATP (which
completely dissociates the actoS1 complex) implied an interaction of the N-terminus with
the myosin heavy chain that results in partial immobilization of the probe. We speculated at
the time that the proline-rich extension of LC1 might be stabilized by weak interactions with
the SH3 domain, but lacked any evidence for such an interaction. The 3D reconstructions
presented here provide support for this interpretation of the spectroscopic data.

Can an Interaction Between the ELC and Actin Be Visualized?

Biochemical and biophysical solution studies provide the strongest evidence for an
interaction between the N-terminus of the ELC isoform (A1) and the actin filament. In
addition to the earlier NMR studies9 a more recent NMR study using synthesized peptides21
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showed that the N-terminal four residues ATP2K3K# constitute the major interaction with
actin, with a more minor contribution from K’ and K&. Although a positive charge is a
critical factor in the interaction, as shown here by the ability of Arg residues to compensate
to some extent for the absence of the Lys-rich region (A13 mutant), the native sequence still
has the strongest affinity for actin21. Several cross-linking studies have supported this
interpretation of the NMR data13: 15. But the apparent visualization of this interaction by
cryoEM in 199014 provided perhaps the most convincing evidence: the extra density at the
actoS1 interface seen in a difference map between 3D reconstructions of S1(Al) and S1(A2)
was ascribed to the N-terminal extension in Al. A later study of myosin subfragments,
which included a comparison of negatively stained images of the same two S1 isoforms, also
saw extra density at the actoS1 surface, although the presence of additional difference peaks
elsewhere on actin was noted22. However, efforts here to reproduce the results of the
original cryoEM study failed to identify any single, statistically significant peak at the actin
interface. In order to increase the electron density of the N-terminus, we labeled
mutagenized ELC with undecagold, as described above. Despite the presence of this
electron dense probe, the difference maps still failed to yield a statistically significant peak
on the surface of actin. This problem remained intractable until the introduction of a new
approach, IHRSR, to the image analysis of helical filaments17. Unlike conventional helical
reconstruction methods16, the new approach uses thousands of short segments (~15.5
asymmetric units) within filaments; which allows sorting segments into different
populations such as those containing a gold cluster versus those that do not17 18. By this
single particle approach to helical structures, we were finally able to localize a statistically
significant, well-defined peak in the difference map, but not on the actin surface, as
expected, but instead near the SH3 domain. It will be of interest in future work to see if one
can visualize a gold-labeled ELC (A1) on actin by using sparsely decorated actin filaments
(i.e. a high molar ratio of actin to S1), which would favor an interaction between the N-
terminal lysine sequence and unoccupied actin binding sites.

The Interaction Between ELC and F-Actin Slows the Velocity of Shortening

Even if structural studies can not unequivocally demonstrate an interaction between the ELC
and F-actin filaments, physiological measurements on fibers, as well as in vitro motility
studies, and kinetic analyses have all been consistent with this hypothesis. As early as
198823 24, it was shown that unloaded shortening velocity of skinned skeletal muscle
fibers depended on the ratio of the two ELC isoforms: fibers with a high content of LC3
(A2) shortened with a significantly greater velocity than those containing a high amount of
LC1 (Al). Later studies corroborated these findings, and went on to show that the degree of
shortening velocity depended on the myosin heavy chain composition (fast fiber types), as
well as the ELC content25+ 26. An in vitro motility assay, considered the solution analogue
of unloaded fiber shortening, showed that skeletal muscle myosin containing only A1 moved
actin filaments at a significantly slower velocity than myosin containing A24: 27. The in
vitro motility measurements shown here for myosin reconsituted with recombinant ELC
confirm and extend the earlier findings by showing that positive charges and a Pro/Ala
sequence are essential prerequisites for slowing velocity. A simple explanation for these
observations is that the ELC interaction with actin increases the lifetime of the attached state
of the myosin heads (typ), and by delaying their dissociation, slows the shortening velocity
(V=d/ton, where d is the step size). A related argument was used recently to explain the
reduced isometric tension in fibers isolated from transgenic mice, which expressed an ELC
with a truncated N-terminal extension28.

An Interaction Between the ELC and SH3 May Modulate the Steady-State ATPase Kinetics

It is well-established that the S1(A1) isoform has a lower actin-activated MgATPase activity
(kcar) and a higher binding affinity (1/K,) for actin than the S1(A2) isoform7- 8. S1s
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reconstituted with recombinant ELC show that a charged N-terminus and a Pro/Ala-rich
region are primarily responsible for these differences in ATPase activity (Table 1). Similar
conclusions were reached earlier using expressed human atrial ELC constructs12: 21, but the
data must be regarded as qualitative, since the maximum actin concentration for activation
did not exceed 6 pM actin12: 21 which is far below the K, for many of the S1s. Reliable,
individual k., and Ky, values cannot be obtained from data measured at low substrate
concentrations, but only their ratios, Keat/Kp.

We find that the change in enzymatic activity is closely coupled to the change in in vitro
motility. Although an ELC/actin interaction can explain a slower rate of ADP release (tgn~1/
kapp), and consequent reduced velocity, it is not readily apparent why P; release, the rate-
limiting step in ATPase activity for non-processive myosin motors, would be decreased by
the ELC interaction. During activation, the Al extension most likely binds to the actin
monomer directly below the one that provides the major binding site for the S1 heavy chain:
this was deduced from cross-linking experiments12: 13 as well as from the ability of S1(A1)
but not S1(A2) to nucleate the rapid polymerization of G-actin10: 29. Here we show that the
positive charge on the N-terminal extension is a critical factor in forming a nucleation
oligomer in the polymerization process. It is possible that an electrostatic interaction
between the ELC and the lower actin subunit could propagate structural changes to the
adjacent upper actin subunit along the long pitch helix, and thereby affect the myosin active
site. The actin filament is known to be a dynamic structure whose conformation is highly
susceptible to actin binding proteins30+ 31. However, the electron cryomicroscopic evidence
showing that the ELC can bind to the SH3 domain suggests an alternative, more direct
pathway to the active site through the motor domain.

This hypothesis has received support from a recent biochemical/genetic study32, aimed at
understanding the function of the N-terminal region of the myosin heavy chain of
Dictyostelium discoideum class Il myosin. A construct that lacked the SH3 domain of
myosin (residues 33-79) showed an ~8-fold reduction in in vitro motility, and a >2-fold loss
in actin-activated ATPase activity. In addition, an 18-fold decrease in F-actin affinity in the
absence of nucleotides, and a 12-fold increase in affinity for ADP in the actin-bound state
were observed32. Although the construct was able to rescue function in myosin null cells in
vivo32, these data demonstrate that removal of the SH3 domain affects the interaction with
nucleotides and actin as well as communication within the motor domain.

Although no additional structural evidence exists that suggests a function for the SH3
domain in the myosin “head” region, recent NMR spectroscopy has revealed an interaction
between the SH3 domain of Dictyostelium myosin VII and an adjacent proline-rich sequence
in its “tail” region33. Involvement of the SH3 domain in regulating interactions in the tail
region of Acanthamoeba myosin 1C has also been reported34- 35. These studies are all
beginning to elucidate the different roles SH3 domains may play in the cellular function of
members of the myosin superfamily.

Whether the effect of the ELC/actin interaction on the actomyosin ATPase cycle proceeds
through conformational changes in actin or through the SH3 domain, or through some
combination of both, the finding that the Al isoform may bind to SH3 offers certain
attractive features: the distance between the SH3 domain and actin is easier to bridge during
activation than a distance of > 8 nm from the lever arm to actin (see Fig. 1C). The shorter
pathway facilitates the diffusive search of a stiff “antenna-like” extension for an actin-
binding site. Once the ELC extension is attached to actin, it may well serve to stabilize the
interaction of the myosin head with actin by reducing the mobility of the lever arm. We also
propose that by binding to the SH3 domain, the ELC may utilize this pathway to modulate
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ATPase activity: an upward rotation of the lever arm (Fig. 5B), leading to an increased
distance between the SH3 domain and the ELC, could inhibit the swing sufficiently to
reduce the rate of ATP hydrolysis36. Thus, multiple interactions of the ELC isoform may be
instrumental in the execution of a power stroke by vertebrate muscle myosin.

MATERIALS AND METHODS

Protein Preparations

Chicken pectoralis muscle myosin was prepared as described in Margossian and Lowey
(1982)37. Actin was prepared from chicken acetone powder38, and stored as F-actin at 4°C
for up to 3 weeks. Skeletal muscle S1 was prepared by chymotryptic digestion of chicken
muscle myosin, and fractionated into S1(A1) and S1(A2) isoforms as described in Waller et
al. (1995)22.

Wild-type Al was prepared from a chicken fast skeletal muscle cDNA clone provided by J.
Robbins as described in Saraswat and Lowey (1998)39. The deletion mutants were prepared
by site-directed mutagenesis or by PCR and cloned into the EcoRlI site of the expression
vector pT7-7. The Cys mutants had the endogenous Cys at position 178 changed to Ala
(C178A). The pT7-7 vector was modified to encode Cys in the fusion peptide resulting in an
N-terminal tag containing (ACGI) followed by the native sequence starting with Pro2
instead of Ala (see Fig. 1) The C45 mutant was created by changing Ser45 to Cys by site-
directed mutagenesis. The double Cys mutant (-C3/C45) was prepared by cloning C45 into
the Cys vector described above.

Protein expression and purification were done as described previously in Borejdo et al.
(2001) and Wolff-Long et al. (1993)20: 40. The expressed and labeled ELC mutants were
exchanged into S1(A2) in 4.7 M NH4CI as described in Wagner and Weeds, 19777. Excess
light chains and unexchanged S1 were removed by ion-exchange chromatography on a
MonoQ column (FPLC) equilibrated in 25 mM imidazole, pH 7.0, 1 mM DTT, and eluted
with a salt gradient of 100-200 mM NaCl. Myosin was reconstituted with expressed
truncated ELC after removal of the endogenous light chains by gel filtration
chromatography in 4.5 M NH,4CI as described in Waller et al. (1995)22.

Gold Labeling of Reactive Cysteines

Thiol-reactive undecagold cluster preparations (we thank D. Safer for his generous
contribution of undecagold clusters in the early experiments) were prepared by reaction with
N-methoxycarbonyl maleimide according to his procedure41. The cluster is composed of a
dense, central 11-atom gold core (~ 0.8 nm in diameter) stabilized by a shell of organic
groups (leading to a total diameter of ~ 2 nm) that is also necessary for solubility. Labeling
of the -3Cys mutant was in 50 mM NaP;, pH 6.6, 10 mM NacCl, with a 4 to5- fold molar
excess of undecagold maleimide at 4°C overnight. Free reducing agent was removed just
prior to labeling. Unbound gold cluster was removed by DEAE-Sephacel chromatography.
The extent of labeling was determined spectrophotometrically at 420 nm using an extinction
coefficient of 47,000 M~1cm™1. Protein concentration was determined by the Bradford
(Pierce) colorimetric assay. S1(A1) in 30 mM KCI, 20 mM Tris, pH 7.5, 3 mM NaN3 was
reacted with a 2-fold molar excess of monomaleimido-undecagold (Nanoprobes, Inc.) for 3
hr on ice. Under these conditions the K*-ATPase was reduced relative to a control,
indicating labeling of the reactive thiol, SH1.

Fluorophore Labeling of Cys mutants of the ELC

For the FRET experiments, labeling was essentially as described in Saraswat and Lowey
(1998)39. Briefly, lyophilized light chains were incubated for 1 hr in 10 mM DTT, 8 M
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guanidine hydrochloride, PBS (10 mM NaP; pH 7.2, 150 mM NaCl, 3 mM NaN3) in order
to completely reduce the cysteines before dialysis against PBS and 50 uM DTT. The -3C
mutant was labeled at RT with a 4-fold molar excess of 1,5-IAEDANS (Molecular Probes)
over thiols for 3—4 hr. The reaction was stopped with 50 mM DTT, and the protein was
dialyzed exhaustively against the appropriate buffer. The -C3/C45 mutant was reacted with a
3-fold molar excess of the dansyl donor for 10 min on ice. After dialysis into 25 mM
imidazole, pH 7.0, 1 mM DTT, the protein was chromatographed on a 1 ml MonoQ ion-
exchange column (Pharmacia, FPLC) equilibrated in the same buffer, and eluted with a 150-
250 mM NacCl gradient. Urea-PAGE analysis of the fractions indicated that the major peak
(-C3DAN/C45) could be separated from unlabeled and doubly reacted species, as well as
from the other singly-labeled specie (-C3/C45PAN). The —~C3DAN/C45 was subsequently
labeled to completion with one of three acceptor probes: the non-fluorescent DABM and
DDPM, or IAF by the procedure described above for the single cysteine mutant. The
stoichiometry of labeling was determined using the following extinction coefficients: 6200
M~lecm~1 at 340nm (DAN), 2930 M~1cm™1 at 440 nm (DDP), 24,800 M~1cm™1 at 430 nm
(DAB) and 45,000 M~1cm™1 at 495 nm (IAF).

Fluorescence Resonance Energy Transfer (FRET) Measurements

Steady-state fluorescence measurements were performed on an ISS PC1 photon counting
spectrofluorometer. Corrected emission spectra of the donor (dansyl moiety) were recorded
from 450 to 650 nm at an excitation wavelength of 340 nm with spectral band widths of 8
nm. The efficiency of energy transfer (E) was determined from the reduction in donor
fluorescence (Fq) in the presence of acceptor (Fgq) as calculated by E=1— (Fga/Fq). The
degree of energy transfer depends upon the distance (R) between the donor and acceptor as
given by R=(E~1 — 1)/6 x R,, where R,, the Forster critical distance at which energy
transfer is 50%, was determined as described in Saraswat and Lowey, 199839.

Actin-activated MgATPase measurements

The ATPase activity of S1 reconstituted with various deletion mutant LC1s was determined
at 25°C in 5 mM KCI, 5 mM imidazole, pH 7.5, 1 mM DTT, 4 mM MgCl,, 2mM MgATP.
Phosphate release was measured by the colorimetric method of White42. Actin
concentrations ranged from 2.5 to 100 uM (details in Trybus, 200043). It is important that
the actin concentrations extend to at least 4-5 times the K, in order to have a meaningful
extrapolation to V% upon fitting the data to the Michaelis-Menten equation.

In vitro Motility Assays

The truncated ELC mutants were exchanged into myosin as described briefly above22. To
remove rigor heads, samples were spun with equimolar concentrations of actin in the
presence of MgATP prior to the assay. Myosin was perfused through the flow cell at ~50
pug/ml in 25 mM KCI, 25 mM imidazole, pH 7.5, 4 mM MgCl,, 1 mM EGTA, 10 mM DTT
at 30°C. The final assay buffer contained 0.5 % methylcellulose, oxygen scavengers and 1
mM MgATP as described in Trybus, 200043. The velocities of 20-30 filaments for each of
two independent experiments were averaged to obtain the mean * standard deviation.

Electron microscopy

To prepare frozen-hydrated specimens for electron cryomicroscopy, F-actin (0.025-0.03
mg/ml) was applied to glow-discharged 400-mesh copper grids coated with holey carbon
film in 20 MM NaCl, 5 mM NaP;, pH 7.0, 1 mM MgCl,, 2 mM NaNs;. Following 1 min
incubation in a humid chamber, the grids were rinsed twice with the respective myosin
buffer without the myosin sample (10 mM NaCl, 10 mM imidazole, pH 7.0, 1 mM MgCl», 1
mM DTT, 2 mM NaNg). Myosin sample, diluted to ~ 0.5 or 2 mg/ml was then applied to the
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grid for 30 s, and replaced by an additional drop of sample (30 s). The excess liquid was
blotted, and the grids were plunged into liquid ethane cooled by liquid N,. Low-dose images
were recorded using a CM12 electron microscope (FEI Electron Optics, the Netherlands)
equipped with a LaBg filament and a DH626 Gatan cryoholder (Gatan Inc., Pleasanton, CA),
at a nominal magnification of 60,000 (at 120 keV), at ~1.5 um defocus (electron dose
~10e~/A~2). Micrographs were digitized with a SCAI scanner (Integraph, Phoenix, AZ)
with a pixel size of 0.27 nm on the sample. One data set containing S1(A1) with gold-
labeled A1, one set containing S1(Al) with gold-labeled SH1, one data set of S1(A2) and
three data sets from different preparations of unlabeled S1(Al) were obtained.

Image analysis

Helical Reconstruction—The Brandeis Helical Imaging Packagel6 provided the
alignment parameters for each filament that was introduced in the real space average. These
include phase origin and particle tilt. These parameters were refined through minimization
of the phase error in reciprocal space44. Using these alignment parameters, three-
dimensional maps were computed separately for each individual filament in the data set. All
reconstructions included 23 layer lines that were trimmed to 21 A resolution. Since this is
within the first node of the contrast transfer function, no phase correction was necessary.
The abrupt edge in the data introduced by this procedure was smoothed to zero using a
Gaussian fall-off. The layer line orders used were 2, —11, 4, -9, 6, =7, 8, =5, =3, —1, 14, 1,
-12,3,5,-8,7, -6, —4, =2, 13, 0 and the equator. The individual filament maps were
aligned in real space, normalized, and averaged45. The real space averaging provides a
single averaged value and its associated variance for each voxel in the volume.

Reconstruction by Iterative Helical Real Space Refinement—The iterative helical
real space refinement (IHRSR) method17 is a hybrid approach that uses real-space, single-
particle processing and imposition of helical symmetry in an iterative manner. Our
implementation uses EMAN46 for the single-particle reconstruction portion and routines
adapted from the CoAn suite47- 48 to determine and impose the helical symmetry. A box
size of 80 x 80 pixels with a 5.4 A pixel size was used. This corresponds to about 15.5
asymmetric units of the helix, a little over one actin crossover. An overlap of 60 pixels was
chosen, allowing every asymmetric unit (a single actomyosin motif) to contribute to four
different views of the helix. The data were arbitrarily divided into two subsets that were
reconstructed independently. The variance for the IHRSR maps (necessary for calculating t-
tests) was then estimated using the differences between the two subsets. Using a voxel-wise
t-test procedure49, we established that there were no statistically significant differences
(99.5% confidence level) in the structural features between maps of the same underlying
data calculated by the two methods. However, the background was significantly reduced in
the IHRSR reconstructions owing to the fact that a larger number of asymmetric units
(~20000 versus ~5000) could be used.

Localization of the gold labels—Difference maps were calculated by subtracting the S1
maps from the gold-labeled maps giving a total of 4 difference maps per label (SH1 and A1
labels). Prior to subtracting, the maps were aligned to each other using the CoAn
algorithm47. For each gold label, the difference maps were averaged and the voxel-wise
variance was calculated which enabled us to test the significance of features in the
(averaged) difference maps using a t-test at a confidence level of 99.5%. Difference maps
between the helical reconstructions did not show any statistically significant peaks for the
Al- labeled map, but did show a single significant peak for the SH1 label. For the IHRSR
maps, there was one significant peak for each of the labels (SH1-labeled, and Al-labeled).
For the SH1-labeled maps, the helical reconstruction difference peak corresponded to the
highest peak in all IHRSR difference maps that were in the average. For the Al-labeled
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maps this was not the case, indicating disorder or partial decoration. Multi-reference
refinement as described in Volkmann et al. (2005)18 was then applied to the A1- labeled
data set using S1(Al) and S1(A1l) with the Al-labeled peak from the averaged difference
maps as references. Approximately 60% of the segments were sorted into the labeled class.
The IHRSR reconstruction using that subset of the data was then used for difference
mapping, which showed an enhanced peak in the same location, and now being, as in the
case of the SH1-labeled map, the highest peak in each of the non-averaged difference maps.

S1(A1) - S1(A2) difference mapping—Difference maps between the various IHRSR
S1(A1) and S1(A2) maps were constructed following the same procedure as used for the
labeled maps, resulting in 3 difference maps that were averaged and used for variance
calculations. No statistically significant peaks could be detected even after multi- reference
refinement. However, one peak that becomes significant if the confidence level is dropped to
90% (p > 0.1) was ~ 7 A closer to the SH3 domain than the center of the A1 gold-labeled
peak, thus being consistent with the location of the A1 extension. This confidence level is
clearly picking up a substantial amount of noise as exemplified by several peaks far away
from the actomyosin density (data not shown). The SH3 peak is the third highest at this
confidence level. There are no peaks detectable in the SH3 vicinity at the 90% confidence
level if difference maps are calculated from unlabeled S1(A1) versus unlabeled S1(A1), or
from S1(A2) versus S1(A2) (12 difference maps in total), providing further support that the
peak in the S1(Al) — S1(A2) difference map represents the location of the N-terminal
extension.

Abbreviations

cryoEM electron cryomicroscopy

SH3 src-homology 3 domain

SH1 reactive thiol in myosin heavy chain

ELC essential light chain

LClor Al the isoform of ELC containing the N-terminal extension of 41 residues

A2 the smaller isoform of ELC that has eight unique residues at the N-terminus,

but shares the remaining 140 residues with the Al
subfragment-1
5-AEDANS, N-iodoacetyl-N'-(5-sulfo-1-napthyl)ethylenediamine

DDPM N-(4-dimethylamino-3,5-dinitrophenyl)maleimide
DABM (4-dimethylaminophenylazophenyl-4' maleimide)
IAF 5-(iodoacetamido) fluorescein
DTT dithiothreitol
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WT: ARIP --- PKKDVKKPA AAAAPAPAPAPAPAPAPAKPKEPAIDLKSIKIEFSKEQQD
A13: ARIRGG PAPAPAPAPAPAPAKPKEPAIDLKSIKIEFSKEQQD
A29: ARl PKEPAIDLKSIKIEFSKEQQD
A43: ARIQ FSKEQQD

A2: SFSPDEIND
B

-C3: ACGI- PKKDVKKPAAAAAPAPAPAPAPAPAPAKPKEPAIDLKSIKIEFSKEQQD
C45: ARI--- PKKDVKKPAAAAAPAPAPAPAPAPAPAKPKEPAIDLKSIKIEFCKEQQD

-C3C45: ACGIl- PKKDVKKPAAAAAPAPAPAPAPAPAPAKPKEPAIDLKSIKIEFCKEQQD

C

Figure 1.

(A) Sequences of wild-type and deletion mutants of ELC. The four lysines in the putative
actin binding region are in bold. The sequences of the native isoforms, Al and A2 are shown
for comparison. Following the Asp (D) residue are ~ 140 residues common to both Al and
A2. (B) Mutants of A1 with one or two reactive cysteines underlined. (C) Schematic
rendition of the crystal structures of chicken skeletal muscle S1 and actin docked on the
reconstruction of the cryoEM actoS1 complex. S1 prepared by chymotryptic digestion of
myosin does not contain the RLC. The upper actin (pink) and lower actin (green) are shown
interacting with the S1 motor domain (blue). The calculated distance from residue 5 (the rest
is disordered) of the ELC (red ball) to residue 365 in actin (green ball) is 8.9 nm. The SH3
(residue 70) distance to ELC is 6.6 nm and to actin (365) is 3.6 nm. (The choice of residues
in SH3 is arbitrary, and only meant to give an approximate indication of distances).
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Figure 2.

(A) Time course of polymerization of G-actin by S1 reconstituted with ELC mutants (see
Fig. 1). Light scattering was monitored at 325 nm in the ISS spectrofluorometer. S1 and G-
actin, each at a concentration of 5uM, were in 5 mM Tris, 0.2 mM CaCl,, pH 8. S1 (WT)
accelerated polymerization of G-actin even slightly more than native S1(Al), whereas
deletion of the actin binding site, along with the ProAla region (A29), slowed
polymerization to the rate observed for A2 or A43. The A13 mutant, which had two Arg
residues at the N-terminus, did accelerate assembly of actin, although at a slower rate.
Another mutant (A14), with only one Arg, had a very slight effect on assembly (data not
shown; see similar results by cross-linking in Andreev et al., 199913). (B) Samples taken
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from the light scattering measurements after one hr were centrifuged, and the supernatants
and pellets were analyzed by SDS-PAGE. As expected, S1 containing native A1, wild-type
LC1, and A13 was found in the pellet (lanes 1’, 2’, and 3’), whereas S1 containing A29, A43,
and A2 remained in the supernatant (lanes 4, 5, and 6). The amount of protein in the pellets
for the S1 with Al truncations that did not polymerize G-actin was very minor, and samples
for lanes 4'— 6’ are omitted.
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Figure 3.

(A) A representative sample of the actin-activated MgATPase activity for S1 reconstituted
with wild-type and A43 light chain. The average value of four and seven independent
determinations for WT and A43, respectively, are given in Table I. The rate in the absence
of actin was subtracted from each value. The line is the best fit of the data to the Michaelis-
Menten equation: for SLWT), Vinax iS 7.5 £ 0.4 s and Ky, is 1.5 + 0.6 uM; for S1(A43),
Vmax is 15.6 £ 0.8 s™1 and Ky, is 25.5 + 3.4 uM. (B) Actin filament velocities for myosin
reconstituted with the stated expressed light chains. Values are given in Table I. The
preparation entitled “myo” consisted of myosin reconstituted with equal amounts of the
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isolated native light chains Al and A 2; its motility was the same as that of standard purified
myosin4.
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Localization of the Al extension by cryoEM. A reconstruction of actin decorated with S1
containing undecagold gold-labeled Al (at —Cys3) is shown in transparent gray (pointed end
up). The backbone of the docked crystal structure of chicken skeletal S1 is shown with the
motor domain in blue and the ELC in red. The difference peak attributed to the Al gold
cluster label is shown in yellow (A and C); the difference peak attributed to the gold label on
the reactive cysteine (SH1) of the heavy chain is shown in orange (B). This peak is located
at the entrance of a narrow cleft between the converter/relay-loop and the rest of the myosin
head, with the solvent exposed sulfhydryl group of SH1 as its bottom. This peak is
approximately 10 times stronger than the peak in (A). Both contour levels were adjusted to
optimize visibility.
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Figure 5.

Schematic drawing of proposed events in the myosin I ATPase cycle. Motor domain is
shown in blue, ELC in red with extension as thick black line, SH3 domain in yellow. The
subunit corresponding to the upper actin in Fig 1C is shown in pink, the lower actin in Fig
1C in green. An additional actin subunit along the long-pitch helix is shown in gray and two
subunits along the opposite long-pitch helix are shown in light-gray. The pointed end of the
filament is at the top of the figure. (A, B) In the detached states, ATP, ADP.P;, the proline-
rich region of the ELC extension is bound to the SH3 domain, and does not interact with
actin. (C) After initial weak binding to actin, the cross-bridge progresses to a stronger force-
generating state (ADP+P;), with the ELC extension still attached to the SH3 domain, but
with the N-terminus of the extension now weakly bound to the lower actin. If the lower actin
is occupied by another myosin molecule, as in our study, the ELC extension can not bind to
it. (D) Strong binding to actin induces the release of P; and the N-terminus of the ELC
extension stabilizes the lever arm by binding to the C-terminus of the lower actin.
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Table 1

Summary of ATPase activity and motility of myosin reconstituted with various mutants of LC1

Myosina (S1)  Vmax ™ Kn(uM) N Vactin (rM/s)

WT 77+13 1.7+10 4 5.08+0.89
A13 133+18 104+47 8 6.39+0.80
A29 159+6.2 21.7+107 3 7.61%135
A43 151+08 182%3.0 7 7.68+1.07
Al+A2 - - 8.09 +1.12

a . . - . L L L .

Myosin reconstituted with light chains was used only for the in vitro motility assays. The kinetic assays were all performed with S1(A2)
exchanged with the various light chains cited here, as described in Methods. The mean and standard deviation for n independent determinations of
ATPase activity are shown. The motility values (mean + SD) represent two independent determinations of 30-40 filaments each.
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Energy transfer parameters for the N-terminal extension of LC1

sample Donor/Acceptor E (%)@ Ro(A)P R (A)C
1 DAN/DDPM 11 29 41
9.2 42
2 DAN/DABM 24 36 44
28 42
3 DAN/IAF 69 42 37
61 39

aEfﬁciency of energy transfer between donor/acceptor probes on the cysteine residues in the -C3/C45 mutant (Figure 1).

b . . - . .
Forster distance for which the efficiency of transfer is 50% (values taken from the literature).
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CDistance between the various donor/acceptor probes. DAN is the donor dansyl moiety of 1,5-IAEDANS; see chemical name for acceptor dyes

under abbreviations.
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