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ABSTRACT: Actin and myosin form the molecular motor in muscle. Myosin is the enzyme performing ATP
hydrolysis under the allosteric control of actin such that actin binding initiates product release and force
generation in the myosin power stroke. Non-equilibrium Monte Carlo molecular dynamics simulation of the
power stroke suggested that a structured surface loop on myosin, the C-loop, is the actin contact sensor
initiating actin activation of the myosin ATPase. Previous experimental work demonstrated C-loop binds
actin and established the forward and reverse allosteric link between the C-loop and the myosin active site.
Here, smooth muscle heavy meromyosin C-loop chimeras were constructed with skeletal (sCl) and cardiac
(cCl) myosin C-loops substituted for the native sequence. In both cases, actin-activated ATPase inhibition is
indicated mainly by the lower V... In vitro motility was also inhibited in the chimeras. Motility data were
collected as a function of myosin surface density, with unregulated actin, and with skeletal and cardiac
isoforms of tropomyosin-bound actin for the wild type, ¢Cl, and sCl. Slow and fast subpopulations of myosin
velocities in the wild-type species were discovered and represent geometrically unfavorable and favorable
actomyosin interactions, respectively. Unfavorable interactions are detected at all surface densities tested.
Favorable interactions are more probable at higher myosin surface densities. Cardiac tropomyosin-bound
actin promotes the favorable actomyosin interactions by lowering the inhibiting geometrical constraint
barriers with a structural effect on actin. Neither higher surface density nor cardiac tropomyosin-bound actin
can accelerate motility velocity in cCl or sCl, suggesting the element initiating maximal myosin activation by
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actin resides in the C-loop.

Myosin is an actin-dependent molecular motor driving sarco-
meric shortening and muscle contraction by transducing ATP
hydrolysis free energy into directed protein movement (/). ATP
hydrolysis is coupled to a series of conformational changes in
myosin, which result in a cycle of attachment to the actin
filament, strain development, protein translation, actin release,
and reattachment (2). Myosin conformation change associated
with strain development and protein translation, termed the
power stroke, is shown in crystal structures by a lever arm
rotation through ~70° (3, 4).
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Myosin heavy chain (MHC)' is a linear molecule consisting of
an N-terminal globular head domain called subfragment 1 (S1)
and a C-terminal tail responsible for cargo binding or dimeriza-
tion. Elliptically shaped S1 (~130 A x 70 A) contains subdo-
mains referring to proteolytic fragments (25, 50, and 20 kDa) (3)
or functional domains (6). Functional domains retain their
structure, but move relatively, during transduction. Transduction
starts in the active site with ATP hydrolysis. A long a-helical
switch 2 helix transmits linear force originating from the active
site to a converter domain converting linear force into torque to
rotate the lever arm. The lever arm is another long a-helix
stabilized by bound myosin light chains. The lever arm amplifies
displacement and impels myosin relative to actin (7, §).

Multiple peptides within the S0K portion of S1 constitute the
actin binding site. Protein—protein contacts in actomyosin were
identified by experimental structural studies combined with
simulated docking of the myosin and actin crystal structures (9—
13), via detection of changes in actin binding strength, actin-
activated myosin ATPase, and in vitro motility caused by the
mutation of small peptide segments or individual residues in
myosin (/4—16). Primary hydrophobic actin contacts are helical
segments, amino acids 529—558” and 647659, on S1, while the

2All myosin residue numbering uses the skeletal sequence unless noted
otherwise.
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unstructured surface loop 2 (amino acids 626—647) maintains
ionic interactions with the actin N-terminus. Secondary sites are
an unstructured surface loop (amino acids 567—578) and the
structured myopathy loop (amino acids 404—415) (9) also on the
S1 surface.

Experimental work comparing the tertiary structure of skeletal
and p-cardiac MHC identified a structured loop on the cardiac S1
(BS1) surface (amino acids 362—376), called the cardiac loop or
C-loop, that has an influence on active site coupling to actin and
possibly a direct interaction with actin (/7). Limited proteolysis
of skeletal S1 cleaves the heavy chain at loop 1 (amino acids 202—
217) and loop 2, producing 25, 50, and 20 kDa molecular mass
fragments (5). These loops are involved in regulation of substrate
release (loop 1) and in actin binding and regulation of actin-
activated ATPase (loop 2) (/4, 18). Limited proteolysis of 5S1
cleaves the heavy chain at equivalent points and at the C-loop
within the 50 kDa fragment. We found that C-loop cleavage
affects fS1 Mg> " ATPase, suggesting it participates in energy
transduction (/7). Actin binding protected loop 2 from proteo-
lysis in skeletal S1, indicating the involvement of loop 2 in actin
binding (19, 20). Actin binding to $S1 fails to inhibit loop 2
cleavage (27) but does inhibit C-loop cleavage (/7). These
observations indicated skeletal and S1 differ in conformation
and identified the C-loop as a possible actin binding site. The C-
loop was proposed as a site of actin binding in skeletal S1 (12, 13),
in myosin V (22), and in myosin I where it is called loop 4 (23).

The two proteolytic cutting points in skeletal SI are within
unstructured surface loops. Structured surface loops have also
figured in myosin motor function. The myopathy loop is a
structured surface loop containing an unusual clustering of
mutations implicated in heart disease (15, 24). The myopathy
loop is an actin binding site (9, 12), and the role of its point
mutations implicated in disease in motor functions was thor-
oughly investigated (13, 25, 26). The C-loop is another structured
surface loop adjacent to the myopathy loop (/7). It begins at a
highly conserved G362 at the end of a helix—turn—helix segment
originating from the active site. The C-loop connects to the
myopathy loop via a small helix—turn—helix segment containing
several mutations implicated in heart disease (24). The crystal-
lized myosin isoforms have differing detailed C-loop structure,
although all are qualitatively similar in appearance except for a
class I myosin, Dictyostelium discoideum (Dc) MyoE, where the
C-loop is larger (23).

The crystal structure of Dc MyoE has a loop 4 longer by
several residues than that in class II S1. It was suggested loop 4
interferes with binding of MyoE to actin when regulatory
proteins are present (23). Actin with bound tropomyosin had
inhibited Myolb (another class I myosin with a long loop 4)
motor activity compared to a mutant version in which loop 4 was
truncated or substituted with a shorter loop 4 from Dc myosin
II (27). WT Myolb actin motility was technically unmeasurable
in the presence of tropomyosin; however, bare actin motility
showed loop 4 mutation increased actin velocity. A loop 4 mutant
in Dc myosin II confirmed its actin binding function and
suggested loss of actin-activated ATPase function (28).

We constructed smooth muscle myosin mutants by substitut-
ing single amino acids or whole C-loop sequences from 5S1 and
skeletal S1 to investigate how sequence perturbs C-loop function.
ATPase, actin-activated ATPase, active site kinetics, actin bind-
ing, and in vitro motility functional tests demonstrate the C-loop
plays the central role in mediating active site and actin-binding
site communication. These data, together with previous results
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from nonequilibrium Monte Carlo molecular dynamics
(MCMD) simulation elucidating allosteric activation by actin
of myosin ATPase (29), suggest that the C-loop is the sensor that
when perturbed by actin binding commits myosin to ATP turn
over. MCMD simulation suggests the mechanism for commit-
ment to ATP turnover is the simultaneous conformation transi-
tion in the two myosin domains spanned by the C-loop to lower
the entropic barrier to hydrolysis product release.

EXPERIMENTAL PROCEDURES

Chemicals. Ammonium sulfate, ATP, ADP, sodium azide,
dimethylformamide (DMF), dithiothreitol (DTT), phenylmetha-
nesulfonyl fluoride (PMSF), and f-p-(+)-glucose were from
Sigma (St. Louis, MO). Phalloidin and pyrene iodoacetamide
were from Molecular Probes (Eugene, OR). The Bradford
protein concentration assay was from Bio-Rad (Hercules, CA).
Leupeptin, chymostatin, and pepstatin were from Roche Applied
Sciences (Indianapolis, IN). Ni-NTA agarose was from Qiagen
(Valencia, CA). Hexokinase was from Worthington Biochemical
Corp. (Lakewood, NJ). All chemicals were reagent grade or
Ultra-Pure if available.

Cloning, Mutagenesis, Expression, and Purification of
Smooth Muscle Myosin Light Chain Kinase ( MLCK ). The
short smooth muscle variant of MLCK (isoform 5) was obtained
from a human MLCK full-length cDNA clone (a generous gift
from A. Bresnick, Albert Einstein College of Medicine, New
York, NY) by PCR. The primers used were FWD 5-GCA CCA
TGG CTC ATC ATC ATC ATC ATC ACG ATT TCC CTG
CCA ACC TGC-3 and REV 5-CCT CTA GAA ATA TGA
CTT AGA AAC TGC. The FWD primer includes a minimal
N-terminal six-histidine encoding sequence, while the REV
primer contains an Xbal restriction site. The PCR product was
subcloned into pCRBluntll-Topo (Invitrogen, Carlsbad, CA),
and the smMLCK encoding insert was excised with Ndel and
Xbal and inserted into Ndel- and Xbal-digested pVL1392
baculovirus transfer vector. Sf9 cells were transfected with
pVL1392:smMLCK and Sapphire baculovirus DNA (Orbigen,
San Diego, CA) to create a recombinant baculovirus expressing
smMCLK, and the virus was amplified to a titer of 2 x 10% per
milliliter. For recombinant protein production, 5 x 10® Sf9 cells
were infected with a multiplicity of infection of 5 for 48 h at 28 °C.
Cells were pelleted by centrifugation and frozen at —80 °C.
MLCK was purified using the method of Birukov et al. (30) with
modifications. Cell pellets were lysed in a 1:5 weight:volume ratio
of 50 mM Tris (pH 8.5), 100 mM KCI, 10 mM 2-mercaptoetha-
nol, 1% IGEPAL (octylphenyl-polyethylene glycol), 1 mM
PMSF, 0.01 mg/mL pepstatin, and 0.01 mg/mL chymostatin,
at 4 °C for 30 min. The lysate was centrifuged at 10000g for
30 min, and the supernatant was loaded onto 0.5 mM Ni-NTA,
washed with 10 mL of 20 mM Tris (pH 8.5), 500 mM KCI, 5 mM
2-mercaptoethanol, and 1 mM PMSF in 10% glycerol, and
eluted with 20 mM Tris (pH 8.5), 100 mM KCl, 5 mM
2-mercaptoethanol, 1 mM PMSF, and 100 mM imidazole in
10% glycerol. The eluate buffer was exchanged into 20 mM
Tris (pH 7.5), 100 mM KCI, 10 mM DTT, and 5% sucrose.
The MLCK was stored at —80 °C. The protein concentration
was measured by using an 4,7 of 11.4 and a molecular mass of
130 kDa. Baculovirus stocks for MLCK constructs were made at
the Baculovirus/Monoclonal Antibody Core, Dan L. Duncan
Cancer Center at Baylor College of Medicine (Houston, TX).
Protein expressions were also carried out at this facility.
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Table 1: C-Loop and Myopathy Loop Sequences”

Table 1. C-loop and Myopathy loop sequences *

Myosin C-loop (362-376) Myopathy loop (404-417)
isoform

Skeletal GNLKF - - - -KQKQREEQAE | PRVKVG- - --NEFVTKGQ
BS1 GNMKF - - - -KLKQREEQAE | PRVKVG- - - -NEYVTKGQ
Scallop GEMKF - - - -KQRPREEQAE | PRVKVG- - - -TEMVTKGQ
Smooth GNIVF----KKERNTDQAS | PRIKVG----RDVVQKAQ
Dc 11 GNIKF----EKGAGEGAVL | PRILAG----RDLVAQHL
Dc IE GNITFAEAAEQRTGTTTVK | RSISTGVGKRCSVISVPM
Smooth muscle myosin mutants

G362A ANIVF----KKERNTDQAS | PRIKVG----RDVVQKAQ
G409V GNIVF----KKERNTDQAS | PRIKVV----RDVVQKAQ
cCl GNIVF- - - -KLKQREEQAS | PRIKVG----RDVVQKAQ
sCl GNIVF----KQKQREEQAS | PRIKVG----RDVVQKAQ

“Myosin sequences for several isoforms with highly conserved residues
are shown with bold text. Mutations introduced into the smooth muscle
myosin isoform and tested for functionality are underlined in the bottom
portion.

Cloning, Mutagenesis, and Expression of Chicken Giz-
zard HM M. A pFastBac construct plasmid containing cDNA
of a recombined WT chicken gizzard smooth muscle HMM
heavy chain was a gift from H. Onishi (Japan Sci/Tech Agency,
Sayo, Hyogo, Japan). Recombinant HMM MHC has a myc tag
at its C-terminus and a His tag at its N-terminus as described
previously (37). Recombinant HMM heavy chain mutants,
G362A, G409V, cCl, and sCl, were produced by replacing the
WT MHC residue or C-loop with Ala, Val, human cardiac
C-loop, and human skeletal C-loop, respectively. Table 1 com-
pares C-loop and myopathy loop sequences for several myosin
isoforms and the sequences for the mutants constructed.

The pFastBac constructs were transformed into Escherichia
coli XL10 Gold cells (Stratagene, Santa Clara, CA) for produc-
tion of the pFastBac construct plasmid DNA. The purified
pFastBac construct plasmids were further transformed into
DHI10Bac E. coli for transposition into the bacmids. After
confirming that the recombinant bacmids contained the gene
of interest, we purified the recombinant bacmids and used them
to transfect Sf9 insect cells to produce recombinant baculovirus.
Sf9 cells were coinfected with equal titers of the MHC encoding
baculovirus and a baculovirus encoding WT RLC and ELC.
Construction of baculovirus stocks and protein expression was
accomplished by the Baculovirus/Monoclonal Antibody Core.

Protein Purification. Wild-type and mutant HMMs were
purified as described by Onishi et al. (32). On average, 1—2 mg of
protein was purified from 1 x 10 cells. Protein purity ranged
from 90 to 98%. Expressed protein samples are shown in Figure 1
using 12% SDS—PAGE. The eluted sample was treated with
5 mM EDTA to remove residual bound nucleotide and pre-
cipitated in a dialysis solution of 25 mM TES (pH 7.0), I mM
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FiGure 1: SDS—PAGE of WT HMM, mutants G362A and G409V,
and chimeras containing skeletal (sCl) and f-cardiac (cCl) C-loop
sequences. The myosin heavy chain (MHC) and light chains (RLC
and ELC) correspond to molecular masses of 140, 20, and 17 kDa,
respectively.

EDTA, 5 mM DTT, and 1 ug/mL leupeptin containing 85%
ammonium sulfate. The precipitate was collected via centrifugation
and stored at —20 °C for 2—6 months with no loss of specific
activity. Proteins for experiment were dialyzed in assay buffers
overnight to remove ammonium sulfate and EDTA.

Skeletal actin was prepared from rabbit skeletal muscle
acetone dried powder according to the method of Pardee and
Spudich (33).

Protein concentrations were estimated by using the Bradford
assay with bovine serum albumin as the protein standard.

ATPase- and Actin-Activated ATPase Assays. K-
EDTA-ATPase activity was measured on samples at 37 °C in
250 uL aliquots containing 0.15—0.30 uM expressed HMM, 0.6
M KCl, 10 mM EDTA, 25 mM Tris-HCI (pH 8.0), and 2 mM
ATP. The Ca*>* ATPase assay test solution was identical to that
of K" EDTA-ATPase except 10 mM CaCl, replaced the EDTA.
Production of inorganic phosphate from the ATPase reaction
was measured using the Fiske-Subbarow method (34).

Mg ATPase and actin-activated Mg>" ATPase activities
were measured on samples at 25 °C in 300 4L volumes containing
0.23 uM expressed HMM, 30 mM KCI, 2 mM MgCl, 0.2 mM
CaCl,, 0.5 mM DTT, 30 mM Tris (pH 7.6), and 1 mM ATP.
HMM was phosphorylated via addition of 40 ug/mL recombi-
nant MLCK and 10 ug/mL bovine brain calmodulin to the assay
medium 25 min prior to ATPase activity measurement. The
kinase activity was stopped by adding 2 mM EGTA. RLC
phosphorylation was 100% as estimated by urea gel electrophor-
esis (35). The actin concentration varied from 0 to 140 uM.
Phosphorylated WT HMM exhibited ~40-fold maximal actin
activation.

Curves of Mg® " ATPase rate versus actin concentration, [A],
were evaluated with the equation V' = V. /(1 + Katpase/[A]) to
obtain the apparent dissociation constant (Katpase) and max-
imum velocity (Vimay). Baseline Mg” " ATPase activity when
[A]=0 was subtracted from all data points. Production of
inorganic phosphate from the ATPase reaction was measured
using the malachite green assay (36). Mg> " ATPase rate versus
actin concentration data and curve fitting are discussed in the
Supporting Information.

Experiments with Pyrene-Labeled Actin. Strong binding
of myosin to actin was assessed in WT HMM and mutants using
pyrene-labeled F-actin (p-F-actin). Pyrene fluorescence in p-F-
actin is quenched by HMM binding. The actin binding assay used
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phalloidin-stabilized p-F-actin (37). The labeling efficiency was
96%. Myosin binding was assessed using 0.2 uM actin in rigor
or in the presence of 0.5 mM MgADP as described previously
(38, 39). The ADP stock solution was pretreated with 35 units of
hexokinase and 10% glucose to remove ATP impurities. Mea-
surements were taken at 20 °C in 25 mM Tris (pH 7.5), 0.1 M
KCl, 2 mM MgCl,, 1 mM DTT, and 1 ug/mL leupeptin.
Reversibility of the actin binding was measured by adding 2
mM ATP to the sample after the binding measurements had been
completed; 85—90% of the pyrene fluorescence intensity was
recovered after ATP addition.

Scheme 1 describes the two-step binding of adjacent actin
monomers (A;) by the two-headed HMM (M,) with one M(1) or
two M,(2) bound heads.

Enzyme Kinetics. Three recombinant HMMs were studied,
WT, G362A, and G409V. They were prepared in Rochester and
were not phosphorylated according to the urea gel PAGE
analyses (39). In Pécs, the frozen, ammonium sulfate-precipitated
samples were defrosted, dissolved in dialysis buffer consisting of
20 mM Tris-HCI (pH 7.5), 0.1 M KCI, 1 mM DTT, and 1 ug/mL
leupeptin, and dialyzed. The HMM concentration was 1—5 uM
as estimated by the Bradford assay. Experiments were conducted
at 20 °C.

Rapid kinetic stopped-flow experiments were carried out on a
temperature-controlled Applied Photophysics (Surrey, U.K.)
stopped-flow instrument capable of recording light intensity
changes on the millisecond time scale. Tryptophan fluores-
cence was measured with an excitation wavelength of 295 nm
through emission filter WG320 passing wavelengths longer
than 320 nm. The fluorescence transients obtained with
p-F-actin (pyrene fluorescence) or with mant nucleotides
were recorded using an excitation wavelength of 365 nm
and emission through a KV389 high-pass filter passing wave-
lengths longer than 389 nm. Three to six transients were ob-
tained and averaged before the analysis. The concentrations
are given as they were established after the stopped-flow
shots, unless stated otherwise.

In Vitro Motility. The gliding velocity of rhodamine-labeled
phalloidin-F-actin (Rh-phalloidin-F-actin) over a bed of HMM
was measured as described previously (40). Briefly, we removed
“dead heads” by mixing phalloidin-actin with HMM, increasing
the KClI concentration, adding ATP, and then spinning down the
mixture in an airfuge. The supernatant contains the “live heads”
that were phosphorylated. We checked RLC phosphorylation
with urea gel PAGE (35). Glass coverslips coated with 1%
nitrocellulose in amyl acetate formed the bottom of the flow cell.
An anti-myc tag antibody solution was applied to the flow cell
and allowed to equilibrate at room temperature. Myosin surface
density was varied by flowing different antibody concentrations
(0.15 or 0.35 mg/mL anti-myc flow-through) over the nitrocellu-
lose-coated surface prior to addition of HMM. Blocking buffer
(containing BSA) washed out unbound antibody and blocked
protein free surface area. HMM was infused into the flow cell and
equilibrated. Unbound HMM was removed by washing. Any
remaining dead heads on the slide were blocked with phalloidin-
F-actin that was subsequently removed from functioning heads
by an ATP-containing wash. Rh-phalloidin-F-actin (2 nM) was

Scheme 1
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added and allowed to equilibrate. Movement was initiated by
adding 2 mM ATP at 20 °C. Actin sliding velocities were
measured from acquired total internal reflection fluorescence
(TIRF) images using NIH ImageJ with MTrack J Plugin written
by E. Meijering. Computed velocities were plotted in histograms
for actin velocity increment versus event count.

The sliding velocities of unregulated actin and actin with
bound tropomyosin (Tm-actin) were tested. Tm-actin was
prepared as described previously (47), where 100 nM Rh-
phalloidin-F-actin was incubated with 200 nM Tm for 15 min
at room temperature. The complex was diluted to 2 nM actin
immediately before being added to the infusion cell. A total of
18 motility conditions consisting of low- and high-surface density
WT-HMM, sCl, and cCl on actin and Tm-actin were tested,
where Tm was rabbit skeletal (SKTm) or recombinant human
cardiac (HCTm). The tropomyosins were a generous gift from
D. Szczesna-Cordary (University of Miami, Miami, FL). HCTm
has two additional amino acids (alanine and serine) at the
N-terminus to mimic the acetylation needed for the biological
activity. Motility data from cCl/HCTm-actin at low myosin
surface density and cCl/SKTm-actin at high myosin surface
density and both myosin surface densities for sCl/SKTm-actin
were sampled insufficiently to provide statistics, leaving 14
conditions undergoing the global analysis described in Results.

Stoichiometric actin—Tm binding was verified from samples
pelleted in the ultracentrifuge and then run on an SDS—PAGE
gel. Gel densitometry of Coomassie-stained bands showed an
~5:1 actin:Tm coiled coil dimer ratio.

MCMD Simulation of Myosin. The dominant kinetic
pathway for the actomyosin ATPase cycle is summarized in
Scheme 2. where M, M*, M** and M  are intermediates
corresponding to distinct myosin conformations, A is actin, T
is ATP, D is ADP, and P is inorganic phosphate. M* and M**
weakly bind actin, while M and M strongly bind actin. Work
production occurs when M** weakly binds actin, forming a
strong actin bond in M~ and inducing the active site “back door”
(Arg245—GIn468 salt bridge) to open to release product P (42).
The lever arm rotates to impel actin, ending in the low-free energy
rigor state A.M. Cross-bridge repriming begins with ATP bind-
ing to A.M initiating dissociation from actin, hydrolysis of ATP,
and reversal of the lever arm power stroke rotation. The power
stroke, envisioned by comparison of the M** and M crystal
structures, rotates the lever arm through ~70° (3, 4). We
performed a dynamics simulation for myosin joining the known
M** and M transient intermediate structures in the Scheme 2
pathway using a nonequilibrium Monte Carlo molecular dy-
namics (MCMD) simulation of the M** — M conformation
trajectory (29).

The lever arm swing conformation change in myosin occurs on
the millisecond time domain and involves many atoms. We
developed the new dynamics simulation strategy because system
complexity excludes use of standard molecular dynamics meth-
ods. Myosin was partitioned into gear peptides [from the cog and
gear analogy of Geeves and Holmes (43)] that undergo dynamics
in small backbone dihedral angle changes (each changing para-
meter is a degree of freedom or DOF) and block domains that

Scheme 2
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FIGURE 2: Domain-partitioned S1 heavy chain in the M** confor-
mation. S1 has block peptides designated N-terminal (amino acids
1—144, blue ribbon), US0a (amino acids 145—361, green ribbon),
U50b (amino acids 362—462, red tube, top), loop 2 containing (amino
acids 526—695, yellow ribbon), converter (amino acids 721—772, red
ribbon, bottom), and lever arm (amino acids 773—812, white ribbon).
Gear peptides are amino acids 463—525 and 696—720 (black stick
backbone bonds).

change conformation in an all-or-nothing manner (one DOF per
block domain). Inspection of S1 crystal structures (3, 4, 44) led to
identification of block domains remaining structurally intact but
moving relatively during hydrolysis (4, 43, 44). The partitioned
S1, depicted in Figure 2, has block peptides designated
N-terminal (amino acids 1—144, blue ribbon), U50a (amino
acids 145—361, green ribbon), US0b (amino acids 362—462,
red tube, top), loop 2 containing (amino acids 526—695, yellow
ribbon), converter (amino acids 721—772, red ribbon, bottom),
and lever arm (amino acids 773—812, white ribbon). Gear
peptides are amino acids 463—525 and 696—720 (black stick
backbone bonds). The C-loop and myopathy loop are labeled.
Block domains move rigidly in a conformational trajectory until
the transition when the domain transits instantaneously from the
initial to final state. Alternatively, gear peptides make one-
residue transitions in one DOF. Previously, we designated the
U50a and U50b peptides as US0k and L50k, respectively (29),
but have adopted here a new nomenclature to align it with the
more conventional terminology. Conventional terminology has
the upper 50 kDa domain containing both U50a and US0b while
the lower 50 kDa domain contains the gear peptide of amino
acids 463—3525 and a portion of the loop 2-containing peptide.
MCMD simulation involves a free energy criterion for trial
structure acceptance and rejection. The Gibbs free energy
potential change (AG) combines enthalpic (AH) and constant
temperature (kelvin) times entropic change (TAS) in the relation-
ship AG = AH — TAS. We compute the free energy from the
separate AH and TAS components and assign the changes in
these quantities to regions in myosin (29). The 20 trajectories
simulated for native S1 were mined for information characteriz-
ing the energy transduction mechanism. The active site Arg245—
Glud68 salt bridge back door opens for phosphate release.
Figure 3 shows the time dependence for the free energy change
or AG (©), the work producing lever arm displacement (O), and
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FIGURE 3: Free energy change in AG (<), work producing lever arm
displacement (O), and back door opening (M) for S1 during a
representative M** — M transition. Quantities are rescaled to a unit
maximum amplitude facilitating comparison of their shape relative to
the time dimension demonstrating the synchronization of events at
the active site and lever arm with changes in protein free energy.
AG decreases during a spontaneous process, indicating the U50a
transition presents a large energy barrier to the lever arm swing.
Crossing the US50a barrier accompanies product release with the
opening of the back door and unlocks the lever arm swinging motion
to accomplish the power stroke. Simulation shows that coupling the
US50a and US0b conformation transitions removes the free energy
barrier to product release. The C-loop is a structured surface loop
linking U50a and U50b whose structure is perturbed with actin
binding. These circumstances suggest that perturbation of the C-loop
with actin binding couples U50a and U50b transitions, causing
product release and power stroke initiation.

back door opening (M) for S1 during a representative M** — M
transition. Quantities are normalized to a unit maximum ampli-
tude to facilitate comparison of their shapes in time.

The U50a transition occurs at the vertical arrow to lower both
enthalpy and entropy, but entropy dominates to increase free
energy. The barrier delays simulation progress for ~50 ms. The
entropy decreasing transition opens the back door and initiates
lever arm movement. All conformation trajectories confirm that
during ATPase the entropy-dominated U50a transition is a free
energy barrier ensuring that product release is rate-limiting and
prior to the lever arm swing in agreement with the conventional
myosin mechanism. Compensating the US50a free energy-increas-
ing (entropy-decreasing) barrier is the U50b free energy-decreas-
ing (entropy-increasing) antibarrier (U50b transition occurs at
~59 ms in Figure 3).

A constrained S1 trajectory requiring simultaneous U50a—
U50b transition removed the free energy barrier to product
release, suggesting a mechanism for ATPase actin activation.
U30Db is part of the known actin binding site containing both the
C-loop and the myopathy loop. The C-loop forms the US0a—
US50b junction and is ideally located to initiate US0a—US50b
coupling. We propose that the C-loop is the sensor that when
perturbed by actin binding commits myosin to ATP turnover by
instigating the simultaneous U50a—U50b conformation transi-
tion to release hydrolysis products.

RESULTS

Myosin and Actin-Activated Myosin ATPase. We tested
how mutations affect the mechanism of ATP hydrolysis in the
expressed myosin by measuring enzymatic activities without
actin. K"EDTA- and Ca’?*ATPases without actin measured
at a high ionic strength (nonphysiological ATPases) are sensitive
indicators of perturbation of myosin from the native state.
K "EDTA-, Ca>*-, and Mg> " ATPases at saturating substrate
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Table 2: Characterization of WT and Mutant HMM

ATPase (s~

actin-activated ATPase”

Scheme 1 (Kx1K) ' (nM)?

K EDTA Ca®* Mg®" (x10%) Vinax 571 Katpase (UM) motility’ (m/s) apo ADP
WT 14.0+0.9 59403 2.140.6 0.72 +£0.06 37+ 11 0.25+0.08 9+1 2543
G362A 8.0+1.0 6.6+0.3 17402 0.8740.08 2446 0.48 £0.07 2442 2643
G409V 9.54+0.4 42402 1.7+0.2 0.76 £ 0.11 115429 0.29 +0.06 33+5 4741
cCl 10.0+1.6 24402 2.540.1 0.23+0.05 81+38 0.14+0.05 38+2 5442
sCl 15.8+0.4 40402 1.6+0.2 0.12+0.02 57431 0.14+0.05 2843 46 £5

“The K" EDTA-ATPase assay was conducted on samples at 37 °C in 250 4L aliquots containing 0.15—0.30 «M expressed HMM, 0.6 M KCI, 10 mM
EDTA, 25 mM Tris-HCI (pH 8.0), and 2 mM ATP. The Ca*>* ATPase assay was identical to the K " EDTA-ATPase assay except 10 mM CaCl, replaced the
EDTA. ?The Mg?* ATPase assay was conducted on samples at 25 °C in 300 uL aliquots containing 0.23 uM expressed HMM, 30 mM KCI, 2 mM MgCl,,
0.2 mM CaCl,, 0.5 mM DTT, 30 mM Tris (pH 7.6), and | mM ATP. HMM was phosphorylated by adding 40 ug/mL recombinant MLCK and 10 ug/mL
bovine brain calmodulin to the assay. EGTA was added to stop the reaction. The actin concentration varied from 0 to 140 uM. ¢ Conditions described in
Experimental Procedures. “ The strong binding assay was performed at 20 °C in 25 mM Tris (pH 7.5), 0.1 M KCI, 2 mM MgCl,, | mM DTT, and 1 ug/mL

leupeptin.

concentrations are listed in Table 2 for WT and mutant proteins.
K "EDTA-ATPases are modestly suppressed in the mutants
compared to control except for sCl where the level is slightly
higher. Ca®>" ATPases are likewise modestly perturbed in the
mutants. The physiological Mg* " ATPases are statistically un-
changed in the mutants compared to WT. These data suggest the
active sites of all proteins are functionally intact. Differences
between mutant and WT proteins emerge with introduction of
actin.

Actin-activated myosin ATPase of G362A has a V., just
significantly higher than that of WT while Kz1pas. is unaffected.
We previously reported a somewhat higher Katp, and un-
changed Vo, compared to those of WT (38), but recent
comparisons among a wider set of expressed constructs con-
vinced us to revise the estimates. In the C-loop chimeras, actin-
activated ATPase inhibition is indicated mainly by a lower ¥ jax.
Unlike the C-loop, the myopathy loop contains an unusual
clustering of mutations implicated in heart disease, including
the G409V substitution (45). The clinical phenotype for G409V is
asymmetric septal hypertrophy, but no structural studies of
affected tissues have been reported to the best of our knowledge.
G409 is a highly conserved residue in the U50b domain also
containing the C-loop. Table 2 summarizes characterization of
this mutation in the HMM model protein. G409V contrasts with
the C-loop mutations by affecting principally Ka1pas. rather than
Vmax-

Strong Actin Binding Assay. The actomyosin dissociation
constants defined in Scheme 1, 1/(Ka1K4»), for WT and mutants
are listed in Table 2. All constructs exhibit reduced actin affinity
compared to that of WT as expected for mutations in the actin
binding site (either C-loop or myopathy loop). The binding of
ADP weakened the actin binding affinity for all the HMMs
except G362A which does not have reduced actin affinity in the
presence of MgADP within error limits.

Kinetics of Nucleotide Binding and Dissociation for WT,
G409V, and G362A. We studied nucleotide binding to and
dissociation from HMM by using rapid kinetic stopped-flow
measurements. Schemes 3 and 4 involve the events to be
characterized with myosin (M), actin (A), ATP (T), ADP (D),
and phosphate (P). Step numbering is consistent with the
actomyosin cycle in Scheme 5 in the Supporting Information.
Rates are denoted with a lowercase k and equilibrium constants
with an uppercase K.

(i) Myosin Kinetics in the Absence of Actin. The binding
of ATP to HMM was detected using the nucleotide sensitive

Scheme 3

Ky ks, ks ky ks kg ky
M+ATMT M ToM™DPeoM DPoM Do MD M

-1 ko -3 —4 ks -6 kg

Scheme 4

K, ky
AM+T oA M- T—>A-M-T—> A+ MT

+D$KA1)
A-M-D

W510 fluorescence (46). When 0.25 uM WT HMM was mixed
with 100 uM ATP, the fluorescence intensity increased by 10%.
The exponential fit to the fluorescence transient gave a kps of
28.5 s~ The experiment was repeated at various ATP concen-
trations (between 10 and 500 uM). The transients were fitted with
a single-exponential function and the rates (ko) plotted as a
function of ATP concentration (Figure 4A). At low ATP
concentrations, the second-order binding constant (K;k,) was
estimated from a linear fit to be (0.44 £ 0.01) x 10°M~'s™ ' At
higher ATP concentrations, the curve was quasi-hyperbolic in
ATP concentration, such that ks = (k3 + k—3)[ATP]/([ATP] +
1/K;). A hyperbola fit to the plot gave a half-saturation ATP
concentration of 50 £ 13 uM (1/K; in Scheme 3) and a maximal
kops value of 37 £ 3 s~ (ky + k_5 in Scheme 3).

To measure the rate of binding of ADP to WT HMM, we
repeated the binding assay with ADP. WT HMM (0.25 uM) was
mixed with ADP at various concentrations. The tryptophan
fluorescence intensity increased by 4—6% upon ADP binding.
The kops values were obtained from single-exponential fits and
showed a hyperbolic tendency in ADP concentration. The
maximal kop value was 11 + 15" (k_q in Scheme 3), and the
half-saturation ADP concentration was 8.6 + 1.6 uM (K5 in
Scheme 3).

The difference between the tryptophan fluorescence changes
observed upon ATP (10%) and ADP (4—6%) binding allowed us
to measure the rate of dissociation of ADP from WT HMM. WT
HMM (0.5 uM) was pre-equilibrated with ADP (20 uM) (these
concentrations are given as they were established before the
stopped-flow mixing). Then the solution of ADP and WT HMM
was mixed with 100 uM ATP (concentration after the mix) in the
stopped-flow system. As the ATP was in large excess, after the
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Table 3: Rate and Equilibrium Constants for the Interaction of HMM with Nucleotides

Scheme 3 constant WT G409V G362A
ATP (Trp) Kk (x106s7 M 0.44 £ 0.01 0.52 4 0.01 0.20 £ 0.01
1/K; (uM) 50+ 13 45412 166 + 67
ks + ky(s™h) 3743 48 + 4 5449
mATP Ky (x108s7P M7 1340.1 nd“ nd“
ADP (Trp) koo(sh 11+1 nd“ nd*
K7 (uM) 8.6+ 1.6 nd? nd*
ke (s 2.740.1 2340.1 2240.1
mADP k_o/K7 (x106s7P M7 1.140.1 nd“ nd“
ke (s 1.0£0.1 0.8 +0.1 nd*
Scheme 4 constant WT G409V G362A
ATP-induced actin dissociation /K, (uM) 125+ 17 122 £ 25 nd*
ky (s 5742 60 + 3 nd*
Kk (x10°s7'M7h 0.46 0.49 nd“
with ADP Kap (uM) 84 + 4 69 £ 7 39+3

“Not determined.

dissociation of ADP the ATP replaced the ADP in the nucleotide
binding pocket of HMM and the fluorescence changes were
observed. The amplitude of the fluorescence transient was 2—3%
(Figure 4B). The single-exponential fit to the time dependence of
the tryptophan fluorescence gave a kops value of 2.6 s~'. When
experiments were repeated by using a 4-fold higher ATP con-
centration (400 uM), the ks was practically unchanged (2.7s™").
The ATP concentration independence of ks indicates that the
first-order rate of ADP dissociation is rate-limiting for trypto-
phan fluorescence changes and the value of k&, reflects the rate
of dissociation of ADP from WT HMM (k¢ in Scheme 3).

Nucleotide binding and myosin isomerization were also char-
acterized with the fluorescent nucleotides mant-ATP (mATP)
and mant-ADP (mADP) (47). When WT HMM (0.25 uM) was
mixed with mATP (10 uM), the fluorescence intensity increased
by 3—4%. The transient was analyzed by fitting a single-
exponential function and gave a kops value of 9.9 s~'. The
experiment was repeated at various mATP concentrations be-
tween S and 20 uM. Note that higher mATP concentrations were
not suitable for these experiments because of the increase in the
background provided by the unbound mATP. The ks value
increased linearly in mATP concentration. The second-order rate
constant for binding of mATP to WT HMM was estimated from
the slope of the mATP concentration dependence of the ks to be
(1.340.1) x 10° M~ ' s™". Similar experiments with mADP gave
a second-order rate constant (k_g/K7) of (1.1 +0.1) x 10°M ™~
The rate of dissociation of mADP from HMM was estimated to
be 1 s~ by experiments paralleling those for measuring ADP
dissociation.

The experiments with mant nucleotides gave kinetic results
somewhat different from those obtained with ATP or ADP
(Table 3). Similar deviations of the mant versus native nucleo-
tides were observed previously with other myosin isoforms (e.g.,
ref (48)), indicating that the attachment of the mant group can
modify the kinetic properties of the nucleotides.

Most experiments were repeated with G409V and G362A to
obtain parameters summarized in Table 3.

(ii) Myosin Kinetics in the Presence of Actin. The
kinetics of the interaction between the nucleotides and actomyo-
sin (AM) were investigated by using p-F-actin. Rapid mixing
in the stopped-flow system of the acto-HMM complex with
excess ATP results in a time-dependent pyrene fluorescence

s

increase reflecting AM dissociation (Scheme 4). In these
measurements, p-F-actin (100 nM) was equilibrated with WT
HMM (100 nM) and then mixed with excess ATP in the stopped-
flow system. When 200 uM ATP was applied, the pyrene
fluorescence increased by 17%. An exponential fit to the pyrene
transient gave a kg, value of 35.7 s~!. The experiment was
repeated at various ATP concentrations between 10 uM and
2.5 mM. The obtained ks values were plotted as a function of
ATP concentration, and the curve was hyperbolic. The hyperbola
fit to the plot gave a half-saturation ATP concentration of
125 £ 17 uM (1/K; in Scheme 4) and a maximal rate of 57 & 2
s~! (k, in Scheme 4). The ratio of these parameters estimates the
second-order rate constant to be 0.46 x 10° M~ s7! (Kiky in
Scheme 4). These experiments were also conducted with the
G409V mutant with results similar to those observed for WT
HMM (Table 3).

To estimate the affinity of ADP for the actomyosin complex,
actomyosin dissociation by ATP experiments were repeated
in the presence of varying ADP concentrations. p-F-Actin
(0.25 uM) was equilibrated with 0.25 uM WT HMM and then
mixed with ATP (100 uM) and ADP (varied) in the stopped-flow
system. In these experiments, the ATP and ADP are competing
for the binding site in HMM. The pyrene fluorescence changes
reflect the ATP-induced dissociation of the HMM from actin.
Provided that the equilibrium between the nucleotides and the
actomyosin is always established rapidly, the ADP concentration
dependence of the observed rates reflects the affinity of ADP for
the actomyosin. The single-exponential rate for pyrene fluores-
cence change (kops) decreased as (1 + [ADP])/Kap) ' for an
increasing ADP concentration, where Kap is the apparent
equilibrium dissociation constant for binding of ADP to the
actomyosin complex (see Scheme 4). The k,,, values were plotted
as the function of ADP concentration (Figure 4C). The experi-
ments were conducted for WT, G409V, and G362A, giving Kap
values of 84, 69, and 39 uM, respectively (Table 3). According to
these results, ADP binding to AM (K p) was the tightest for the
G362A mutant.

The kinetic data collected suggest that the G409V replacement
minimally affects the active site kinetics. In contrast, G362A has
altered active site properties, including weaker association with
ATP (K;) and the larger dissociation rate of ADP from the
binding site (k¢), demonstrating an active site—C-loop link.
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FiGURE 4: (A) ATP concentration dependence of ks measured for WT
(@), G409V (O), and G362A (O). ATP binding to HMM in the absence
of actin was assessed using tryptophan fluorescence changes. WT HMM
was mixed with ATP, and the changes in the tryptophan fluorescence
were recorded and fitted with single exponential giving kgps. The
hyperbola fits to the plots in the form ko, = (k—3 + k3)[ATP]/([ATP] +
1/K;) are solid lines giving k_3 + k3 and K values quoted in Table 3.
(B) Dissociation of ADP from HMM in the absence of actin as
measured by tryptophan fluorescence changes in time. HMM was pre-
equilibrated with ADP and then mixed with ATP in the stopped-flow
system. The exponential fit to the transients gave kops. Note that the
shorter time scale at the top of the plot corresponds to the G362A
data. Experiments with G409V closely resembled those with WT. The
kobs values in these experiments corresponded to rate k¢ in Scheme 3.
(C) ADP concentration dependence of ks measured for WT (@),
G409V (O), and G362A (O) bound to p-F-actin. p-F-actin was equili-
brated with WT HMM and then mixed with ATP (100 uM) and ADP
(various concentrations) in the stopped-flow system. The exponential fit
to the pyrene fluorescence changes transients gave ks rates for ATP-
induced dissociation of the HMM from actin (Scheme 4). The ADP
concentration dependence of ko, reflects the affinity of ADP for the
actomyosin, giving Kap (Table 3). k is kqps at 0 mM ADP.
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Assuming that the ADP association rates are similar for the three
investigated forms of HMM, the faster dissociation of ADP from
G362V HMM suggests a weaker ADP affinity in the absence of
actin. On the other hand, the affinity of ADP for the actomyosin
complex appeared to be tighter for the G362A HMM mutant
than for WT or G409V. These observations suggest that the
weakening effect of actin on the ADP affinity was smaller for
G362V than for WT or G409V.

Kinetic parameters obtained in this study differ somewhat
from those reported previously due mainly to the choices of ionic
strength. Kinetic parameters summarized in Table 3 were ob-
served in 100 mM KCIL. The second-order constant for ATP
binding to WT HMM (K k, = 0.44 x 10°M's!in Table 3) is
faster than that observed by Onishi et al. (49) in 450 mM KCl,
where K1k, = 0.25 x 10°M~"'s™!, and slower than that reported
by Rosenfeld et al. (50) in 20 mM KCI, where K1k, = 1.2 x 10°
M~'s!. Similarly, mATP binding was also slower in 450 mM
KCl(49) than in our work. The equilibrium binding constant for
ATP (K;)and k3 + k_srates are larger at 450 mM KCl (compare
50 uM and 37 s~' in Table 3 to 650 uM and 166 s ',
respectively) (49). The ADP dissociation rate of 3 s™" at 100
mM KCl (57) agrees favorably with the value determined here
[2.7 s! (Table 3)]. The second-order rate constant for ATP-
induced dissociation of the acto-HMM complex was 0.3 x 10°
M~ s7"at 100 mM KCI (57) which compares favorably to our
value of 0.46 x 10°M~'s™" (Table 3) and is less than the value of
0.83 x 10° M~' s~ measured at 20 mM KCI (50).

Kinetic simulation of the actomyosin cycle with rate constants
taken from Tables 2 and 3 and from the literature is discussed in
the Supporting Information. The actomyosin ATPase cycle is
used to compute the myosin Mg® " ATPase rate, V,, the actin-
activated ATPase versus actin concentration giving V. and
Katpase» and duty ratio ry estimated from the kinetics by the
fraction of strongly actin bound myosin at a saturating actin
concentration. The duty ratio is the fraction of time that a motor
can produce work; hence, it is a critical determinant of muscle
function. Chemical kinetics and motility velocity are measured
on different myosin-based assays, but they are dependent
through eq 1

d Vinax
rq

Vmotil = (1)
where d is the myosin step size (assumed to be 0.01 gm) and vy, o1
is the actin sliding velocity measured by the in vitro assay. The
whole cycle simulation confirms that both mutants have (i)
phosphate release that is rate-limiting in the presence or absence
of actin and (ii) a duty ratio of ~0.05 (52).

In Vitro Motility of G362A4 and G409V. Table 2 lists
average motility velocities for WT, G362A, and G409V. The
average motility velocities for the C-loop chimeras are also listed
for the sake of comparison. In vitro motility experiments in
Table 2 were conducted at a high HMM surface density where
motility velocity is maximal. We made a more detailed analysis of
the effect of C-loop chimeras on in vitro velocity that is described
in the next section.

In vitro motility velocity sharply contrasts in the various
mutants tested. The velocity of G362A is significantly higher
than those of WT and other mutants as reported previously (38).
G409V and WT are not significantly different. Motility velocity
in the C-loop chimeras is attenuated compared to that of WT,
again suggesting a role for the native C-loop in mediating
actomyosin interaction.
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Table 4: In Vitro Motility Histogram Global Analysis

population distribution (%)

group” myosin/actin surface density” slow fast () (um/s)?
1 WT/A low 43 57 0.15
WT/A high 19 81 0.18
WT/HCTm-A low 25 75 0.17
WT/HCTm-A high 9 91 0.19
cCI/A low 84 16 0.10
cCl/A high 90 10 0.09
sCI/A low 96 4 0.10
sCI/A high 99 1 0.09
sCI/HCTm-A low 99 1 0.09
sCI/HCTm-A high 99 1 0.09
cCl/SKTm-A low 96 4 0.09
2 WT/SKTm-A low 49 51 0.13
3 WT/SKTm-A high 58 42 0.11
2 cCI/HCTm-A high 92 8 0.10

“Group 1 histograms: v; = 0.103 um/s, v, = 0.204 um/s, w; = 0.048 um/s, and w, = 0.082 um/s. Group 2 histograms: v; = 0.115 um/s, v, = 0.166 um/s,
wy = 0.054 um/s, and w, = 0.076 um/s. Group 3 histograms: v; = 0.085 um/s, v, = 0.152 um/s, w; = 0.048 um/s, and w, = 0.092 um/s. Peak velocity and width
errors are +0.002. ° The myosin surface density was varied using 0.15 or 0.35 mg/mL anti-myc antibody flow-through. ¢Population of Gaussian-distributed
filament velocities with peak velocity v; and width w; (slow) or v» and w5 (fast) given by 100a; or 100a> = 100 x (1 — ). Errors are +5. ¢ The average velocity

[(») = ayv; + (1 = a;)v,] has an error of ~20%.

MCMD simulation of S1 in the M** — M trajectory suggests
the involvement of the C-loop at the U50a—U50b junction in
initiating US0a—U50b coupling. We proposed that the C-loop is
the sensor that when perturbed by actin binding commits myosin
to ATP turn over by instigating the simultaneous U50a—U350b
conformation transition to release hydrolysis products. Accord-
ing to MCMD simulation, the C-loop should regulate the
rate-limiting step in the actomyosin cycle. Kinetics described in
the previous section showed that phosphate release is the rate-
limiting step for G362A. Data in Table 2 show the G362A in
vitro motility velocity is enhanced compared to that of WT.
Thus, the G362A substitution must increase the rate of the rate-
limiting step in the myosin cycle to enhance motility velocity,
demonstrating the involvement of the C-loop in phosphate
release.

In Vitro Motility of C-Loop Chimeras. WT velocity
histograms were not well represented by a single Gaussian curve.
They contained two apparent subpopulations of actin filament
velocities modeled by the sum of two Gaussians where free
parameters are peak velocities (v; and v,), widths (w; and w,), and
one amplitude (4;) multiplying one of the Gaussians. Amplitude
A represents the number of filaments moving with Gaussian-
distributed velocities characterized by peak velocity v; and
width wy. Amplitude 4, = N — 4, for N, the total number of
observations.

Data were examined for variability among individual mea-
surements to assess variance (o) for each point in the velocity
histograms. % was computed with eq 2

D DSy ®

where y;1s the number of events in velocity increment x;—x;_; and
y(x;) is the fitted curve. For the reduced 37, y,> = y*/v, where v
is the degree of freedom (53). Global data analysis of 14
conditions had peak velocities and widths common for all data
sets and a Gaussian amplitude that varied for each histogram
while minimizing y° (total free parameters are four nonlinear
parameters v, v,, w;, and w, and 14 linear parameters
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FIGURE 5: In vitro motility histograms (M) and their decomposition
into group 1 Gaussian distributions (—) for WT, cCl, and sCl HMM.
Rh-phalloidin-labeled bare actin (A) or that with bound human
cardiac tropomyosin (HCTm-A) glides over the surface-bound
HMM. The fitted black curves are the sums of dashed curves.
The left (right) column corresponds to low (high) myosin surface
densities.

corresponding to amplitude A in 14 conditions). y* evaluates
the choice of the parent distribution (sum of two Gaussians) and
the noisiness of the data. The first objective is to evaluate the
appropriateness of the parent distribution, and we did this with
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the F-test (53). The F-test compares ,” ratios from different
models to evaluate their appropriateness, while the data noisiness
effect tends to cancel. We compared the global fit to the
individual histogram fit and found that only three histograms
were inconsistent with the global model.

The second objective is to characterize motility in the systems
tested. Table 4 summarizes the results. Eleven motility histo-
grams (group 1) are consistent with one global parameter set.
Two other parameter sets (groups 2 and 3) were needed to fit the
remaining histograms. Figure 5 shows in vitro motility histo-
grams and their decomposition into group 1 Gaussian distribu-
tions (dashed curves) for WT HMM, cCl, and sCl. The fitted
black curves are the sum of two dashed curves. The global
analysis permits direct comparison of fractional populations
(a; = Ay/N, and @, = | — @) within a given group. It also
reduces model degrees of freedom without significantly deterior-
ating the goodness of fit, thereby permitting a clearer overall
interpretation of data.

Results in Table 4 show that C-loop replacement with
sequences from different myosin isoforms diminishes actin
motility. Furthermore, HCTm-actin, but not SKTm-actin, in-
creases actin motility in WT. Detailed analysis of the motility
results indicates that (i) a higher myosin surface density or
HCTm-actin increases average velocity by promoting slow
myosin to the fast myosin subpopulation (group 1, top four
rows, compare fractional populations), (ii) SK Tm-actin inhibits
promotion of slow myosin to the fast myosin subpopulation
(groups 2 and 3 with SKTm), and (iii) the motility mechanism
involves the C-loop because its modification eliminates the fast
myosin subpopulation even with HCTm-A (group 1, rows 5—11,
compare fractional populations).

DISCUSSION

The U50a and U50b myosin domains make up a large portion
of the actin binding site and are linked by the C-loop actin
binding peptide. They play an important role in the MCMD
simulation of myosin trajectory during the M** — M conforma-
tion transition (29). U50a encompasses the free energy (mostly
entropy-decreasing) barrier to phosphate release, inhibiting
myosin ATPase in the absence of actin. The U50b containing
both the C-loop and the myopathy loop encompasses the free
energy (mostly entropy-increasing) antibarrier to product release
in the absence of actin. The C-loop is the U50a—U350b junction
and is ideally located to initiate U50a—U50b coupling. Simula-
tion suggests C-loop perturbation synchronizes the U5S0a (bar-
rier) conformation change with the US50b (antibarrier)
conformation change to eliminate the overall free energy barrier
to product release. We hypothesize that actin binding perturbs
the C-loop to initiate the chain of events. An actin contact
detector at the junction of matched entropy-decreasing and
entropy-increasing peptides may represent a general design for
a deactivatable free energy barrier where in this case the reaction
is that of myosin ATPase and the catalyst is actin.

Substantial experimental evidence suggests that the C-loop
binds actin and communicates bidirectionally with the active site.
Bound ATP or trapped ADP- V; accelerates C-loop proteolysis in
BS1, demonstrating the influence of the active site on C-loop
structure (17). Tryptic cleavage of the C-loop in 5S1 eliminated
actin-activated myosin ATPase and lowered actomyosin affinity,
demonstrating the influence of the C-loop on active site struc-
ture (/7). When the peptide backbone serves as a line of
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communication between distant sites, intervening highly con-
served glycines are logical targets for Gly-to-Ala mutagenesis.
The highly conserved G362 residue fits the profile, suggesting the
G362A substitution might perturb active site—C-loop commu-
nication. The tip of the C-loop at R371 (Table 1) is the trypsin
sensitive point in BS1 within a cluster of charged residues
potentially serving as an electrostatic actin binding site. The
replacement of the positively charged R371 with a negatively
charged glutamic acid (smR370E because smooth muscle myosin
has R370) might disturb an electrostatic interaction with actin.

ATPases in G362A and smR370E are little changed compared
to WT, but the differences between mutant and WT proteins are
amplified by introduction of actin. Actin-activated myosin
ATPase of smR370E has a higher Katpase, indicating a weaker
affinity for actin in the presence of ATP and a 2-fold higher V.,
compared to that of WT (38). The latter indicates the substitution
affects actin regulation of ATPase. With G362A, we report here
that V. is just significantly higher than that of WT while
Katpase 18 unaffected. We now conclude that both smR370E and
G362A substitutions affect V.. Changes in V., suggest the C-
loop is an actin contact sensor communicating initiation of the
actin binding event to the active site and triggering ATPase
activation. Lately, other mutants in the C-loop of a truncated
(without light chains) mutant D¢ myosin I motor domain (i.e., a
C-loop mutant of a mutant protein from which tryptophans were
removed except W510) have confirmed perturbation of actin
binding, but their effect on V,,,x was inconclusive (28).

Kinetics experiments summarized in Table 3 indicate that
other active site kinetics are substantially affected by the G362A
substitution while a myopathy loop substitution, G409V, has
little effect on the active site kinetics. Notably, the rate of
dissociation of ADP from G362A is enhanced ~10-fold com-
pared to those of WT and G409V. Simulation of the actomyosin
cycle of G362A shows that asin WT the phosphate release step is
rate-limiting. The enhanced in vitro motility velocity of G362A
compared to that of WT demonstrates the involvement of the
C-loop in the phosphate release step.

The clinical phenotype for G409V is asymmetric septal hyper-
trophy, but no structural studies of affected tissues have been
reported (45). In vitro experiments (Table 2) showed no change in
motility velocity, a higher Karpase from the actin-activated
myosin ATPase, and a higher KK, (Scheme 1) from strong
actin binding measurements, for G409V compared to WT.
Actomyosin cycle simulation (Supporting Information) shows
that the duty ratio is unchanged from that of WT by the G409V
substitution. The significantly higher Katpas. and Ka1Ka» bind-
ing constants for G409V compared to those of WT indicates
weaker actin affinity in both weakly and strongly actin binding
states. This alteration alone is unlikely to cause the clinical
phenotype because a high actin concentration in the cardiac
muscle tissue probably mitigates the modestly lower myosin
affinity for actin. Lower affinity to actin may indicate a generally
degraded fit between myosin and actin. Previous results on the
smooth muscle model R405W/Q mutants exhibited corrupted
ordering of cross-bridge orientation when strongly bound to F-
actin (54). Cross-bridge orientation of strongly actin bound
G409V is currently under investigation.

We extended the experimental work to smooth muscle HMM
C-loop chimeras in which skeletal (sCl) and cardiac (cCl) myosin
C-loops were substituted for the native sequence. In both C-loop
chimeras, actin-activated ATPase inhibition is indicated mainly
by the substantially lower V., With the sCI chimera having the
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stronger suppression of V.« (Table 2). Results in Table 4 and
Figure 5 show how the myosin chimeras modify actin in vitro
motility. We evaluated the sliding velocity of unregulated actin
and Tm-actin for the cardiac or skeletal Tm isoforms (SK Tm and
HCTm, respectively). Motility data were collected as a function
of myosin surface density, with unregulated actin, SK Tm-actin,
and HCTm-actin for WT, ¢Cl, and sCI. The large body of data
collected was fitted in a global analysis enabling us to identify and
characterize two velocity subpopulations in the species tested.
Statistical tests permitted objective evaluation of the parent
distribution suitability and the best fitting global parameters.
Results indicate that for WT myosin, increased myosin surface
density and HCTm-actin are additive in promoting slow to fast
subpopulation conversion while SKTm-actin does not promote
conversion and nullifies the effect of increasing myosin surface
density on conversion. Modification of the smooth muscle
C-loop into either skeletal or cardiac isoforms eliminates the fast
myosin subpopulation even with HCTm-A.

The results indicate that severe geometrical constraints on
actomyosin at a low myosin surface density are relaxed by
increasing myosin surface density when the probability for one
or more most favorable (for velocity) actomyosin interactions
increases. Similarly, HCTm-actin promotes the most favorable
actomyosin interactions by lowering the inhibiting geometrical
constraint barriers with an effect on actin. In contrast, SKTm-
actin raises the inhibiting geometrical constraint barriers to the
level where surface density is unable to promote the most
favorable actomyosin interactions. In previous studies, SKTm
and HCTm isoforms were suggested to bind differently on an
unregulated actin filament, with HCTm increasing actin motility
velocity but SK Tm having no effect (47). Other work showed the
cardiac and skeletal Tm isoforms maintaining different coordi-
nations with actin (35).

Data from sCl and cCl suggest the element initiating maximal
myosin activation by actin resides in the C-loop. The C-loop has
been shown to interact with Tm in Tm-actin, supporting the
notion that the C-loop, and possibly its interaction with Tm, is
intimately involved in actin activation of myosin (27). HCTm-
actin is more tolerant of unfavorable actomyosin geometry
relative to bare actin because it can promote myosin to the fast
population at a lower myosin surface density. We suggest this is
due to more permissive C-loop—actin contact via HCTm media-
tion. Geometrical constraints in the motility assay, absent from
the in-solution assay of myosin actin activation, amplify the
significance of the C-loop—actin and C-loop—Tme-actin interac-
tion. The limited myosin ATPase actin activation in the C-loop
chimeras suggests that the actin interaction triggering the allos-
teric effect on the active site originates from an isoform specific
interaction of the C-loop with actin.

C-loop—active site allostery in triggering actin activation of
ATPase and motility is likely conserved in the myosin family
because the structured surface loop is a conserved feature in all
myosin motor domains that have crystal structures. Nonetheless,
detailed interactions between the C-loop in various myosin
isoforms and actin probably differ since the C-loop sequence is
not fully conserved, and our data show it is an isoform specific
interaction. Our work suggests that the C-loop instigates the
coordinated structural transition in adjacent conserved myosin
domains in response to actin binding. The C-loop appears
to function in this role with modest sequence variability, albeit
suboptimally, because cCl and sCl smooth muscle myosin
chimeras are suboptimally actin-activated and motile. Sequence
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specific optimal actin activation and motility could reflect
coevolution of the actomyosin coordination and the C-loop
contact sensor. If so, the C-loop and actomyosin interface
sites should mutually constrain evolution at the two sites
(C-loop is a part of the actin binding site, but most of the
actomyosin interface is spread over a large surface area of the
myosin), causing conservation of critical residues in both sites as
observed in other proteins and other allosteric pathways in
myosin (56—358).

CONCLUSION

We hypothesized that the C-loop is an actin contact sensor
initiating actin activation of the myosin ATPase and have
provided computational and experimental evidence supporting
this role for the C-loop in the mechanism. MCMD simulation of
the power stroke indicated that the U50a and U50b domains
encompass the free energy barrier to product release and a
potential antibarrier, respectively. Simulation shows that cou-
pling the U50a and U50b conformation transitions removes the
free energy barrier to product release. The C-loop is a structured
surface loop linking U50a and U50b whose structure would be
perturbed with actin binding. These circumstances suggest that
perturbation of the C-loop with actin binding couples U50a and
US0b transitions causing product release and power stroke
initiation.

Experimental evidence suggests that C-loop binds actin and
communicates bidirectionally with the active site. Bound ATP or
trapped ADP-V; accelerates C-loop proteolysis in 5S1, demon-
strating the influence of the active site on C-loop structure (/7).
Tryptic cleavage of the C-loop in S1 eliminated actin-activated
myosin ATPase and lowered actomyosin affinity, demonstrating
the influence of the C-loop on active site structure and affinity for
actin (/7). Site-directed mutagenesis targeted two residues within
the C-loop. Kinetic and in vitro experiments on WT and mutant
smooth muscle myosin showed the mutants reduced actin affinity
and specifically affected V., in actin-activated ATPase, again
demonstrating the ability of the C-loop to affect the active site.

Smooth muscle HMM C-loop chimeras were constructed
having skeletal (sCl) and cardiac (cCl) myosin C-loops substi-
tuted for the native sequence. In both cases, actin-activated
ATPase inhibition is indicated mainly by the substantially lower
V max. In vitro motility was also sharply inhibited in the chimers.
Motility data were collected as a function of myosin surface
density, with unregulated actin, and with skeletal and cardiac
isoforms of tropomyosin-bound actin for WT, cCl, and sCl. Slow
and fast subpopulations of myosin velocities in the WT species
representing geometrically unfavorable and favorable actomyo-
sin interactions, respectively, were discovered. Unfavorable inter-
actions are possible at all the surface densities tested. Favorable
interactions are more probable at higher myosin surface densities.
Cardiac Tm-actin promotes the favorable actomyosin interac-
tions by lowering the inhibiting geometrical constraint barriers
with a structural effect on actin. Neither higher surface density
nor cardiac Tm-actin can accelerate motility velocity in cCl or
sCl, suggesting the element initiating maximal myosin activation
by actin resides in the C-loop.
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