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Cardiac myosin missense mutations cause dilated
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Dilated cardiomyopathy (DCM) leads to heart failure, a leading
cause of death in industrialized nations. Approximately 30% of
DCM cases are genetic in origin, with some resulting from point
mutations in cardiac myosin, the molecular motor of the heart. The
effects of these mutations on myosin’s molecular mechanics have
not been determined. We have engineered two murine models
characterizing the physiological, cellular, and molecular effects
of DCM-causing missense mutations (5532P and F764L) in the
a-cardiac myosin heavy chain and compared them with WT mice.
Mutant mice developed morphological and functional character-
istics of DCM consistent with the human phenotypes. Contractile
function of isolated myocytes was depressed and preceded left
ventricular dilation and reduced fractional shortening. In an in vitro
motility assay, both mutant cardiac myosins exhibited a reduced
ability to translocate actin (Vacin) but had similar force-generating
capacities. Actin-activated ATPase activities were also reduced.
Single-molecule laser trap experiments revealed that the lower
Vactin in the S532P mutant was due to a reduced ability of the motor
to generate a step displacement and an alteration of the kinetics
of its chemomechanical cycle. These results suggest that the
depressed molecular function in cardiac myosin may initiate the
events that cause the heart to remodel and become pathologically
dilated.
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D ilated cardiomyopathy (DCM) is an early step in the
pathway leading to heart failure, the leading cause of human
morbidity and mortality (1, 2). Although etiological factors such
as ischemia and diabetes can result in DCM, at least 30% of cases
are genetic in origin, with mutations found in sarcomeric pro-
teins associated with the cytoskeletal and contractile systems (3).
Clinically, DCM is characterized by myocardial hypertrophy,
thin-walled ventricles, and myocyte hypoplasia (2, 4). Dilated
hearts are hypocontractile, with systolic dysfunction leading to a
reduced ejection fraction: a hallmark of a failing heart (2, 3).
Only recently have autosomal dominant missense mutations to
the B-cardiac myosin heavy chain (MHC) been identified that
result in DCM (5, 6). Because the primary defect resides within
the heart’s molecular motor, we hypothesized that altered car-
diac contractile function in DCM hearts might reflect changes in
the mutant myosin’s ability to generate force and motion as it
cyclically interacts with actin during its hydrolysis of ATP.

To investigate the impact of two distinct DCM-causing MHC
mutations (S532P and F764L) on cardiac myosin’s molecular
performance, we have genetically engineered these missense
mutations separately into the murine a-cardiac MHC gene, the
human B-MHC homolog, to generate two separate DCM
knockin mouse models. In addition to cardiac dilation and
dysfunction, defects in isolated myocyte contractility were ob-
served that are consistent with DCM. Interestingly, defects at the
whole-heart and cellular levels were correlated with reduced
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mutant cardiac myosin ATPase activity and actin filament
velocity as determined in an in vitro motility assay, a model
system for unloaded myocardial shortening (7). The lower actin
filament velocity was attributed to alterations in both the inher-
ent motion generation and kinetics of a single myosin molecule’s
interactions with actin in the laser trap assay.

Results and Discussion

Mouse Models, Cardiac Morphology, and Function. Two DCM mu-
tations, one in the actin-binding domain (S532P; Fig. 14) and
another in the converter (F764L; Fig. 14) (8), were engineered
separately into the murine a-cardiac MHC gene by homologous
recombination in ES cells (Fig. 5, which is published as support-
ing information on the PNAS web site). Heterozygous (desig-
nated MHCF7%4L/* and MHCS>32P/*) and homozygous (desig-
nated MHCF764/F763L and MHCSS32P/8332P) offspring are fully
viable and fertile, and they survive >1 year, albeit with indica-
tions of DCM (Fig. 1B, Table 1, and data not shown).

To characterize their cardiac phenotype, DCM mutant mice
were evaluated by serial echocardiograms (Table 1). As in
humans who are heterozygous for these myosin mutations,
heterozygous mutant mice demonstrate gradual increases in left
ventricle (LV) chamber size. These increases were initially
observed in some mutant mice by age 12 weeks and in all mutant
animals by 50 weeks of age (Table 1 and data not shown).
Despite changes in cardiac morphology, there were negligible
changes in fractional shortening or cardiac function (Table 1).
The onset of disease was more pronounced in MHCF7%4/+ mice
than in MHCS>32P/+ mice. These findings are consistent with the
clinical features of most patients with the S532P mutation, who
show slow disease progression and live into their 70s; patients
carrying the F764L mutation display evidence of disease during
childhood, which progresses slowly during adulthood (6).

Homozygous mutant mice progressed rapidly to DCM and
developed more contractile dysfunction at much younger ages (~12
weeks) than heterozygous mice (Table 1). Both MHCF764L/F764L g
MHCS>32P/8532P homozygous mice developed significant cardiac
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Fig.1. Location of the S532P and F764L missense mutations in cardiac MHC and the structure of hearts expressing these mutant proteins. (A) Three-dimensional
structure of the S1 domain of chicken MHC with associated myosin light chains (gold) indicating residues that interact with ATP (yellow), and the locations of
the DCM mutations S532P (red circle) in the actin-binding domain (green) and F764L (red circle) in the converter region (magenta), as well as the R403Q HCM
mutation (blue circle) in a loop within the actin-binding domain. (B) Longitudinal sections from 30- to 40-week-old WT, heterozygous (S532P/+; F764L/+), and
homozygous (§532P/S532P; F764L/F764) mutant hearts. Note the enlarged ventricles but normal atrial size in mutant hearts. (C) Cardiac histology was assessed
in 20- to 30-week-old WT and homozygous (S532P/S532P; F764L/F764) mutant hearts by hematoxylin/eosin (Left) and Masson trichrome (Right) staining.

dilation, [i.e., increased LV chamber size, reduced fractional short-
ening, and contractile dysfunction (Table 1)]. Histological analyses
of heterozygous and homozygous cardiac tissue, although consis-
tent with the diagnosis of DCM and elongated myocytes, demon-
strated no myofibrillar disarray or fibrosis in young mice (Fig. 1 and
Table 2) or in 50-week-old mice (data not shown), as observed
previously in models of hypertrophic cardiomyopathy (HCM) (9,
10) or in other forms of DCM (11).

Isolated cardiac myocytes from 8-week-old heterozygous
DCM mice have impaired contractile function, as evidenced by
areduced extent and rate of shortening compared with WT mice
(Table 2). Although the rate of relaxation was normal in
MHCS332P+ myocytes, it was significantly slower in MHCF764L/+
myocytes. These perturbations to cellular contractile perfor-
mance were observed in advance of any cardiac dilation (Table
2). Thus, the primary insult to the myosin motor diminishes
cellular contractile capacity and is reflected in impaired cardiac
performance (Tables 1 and 2).

Cardiac Myosin Molecular Performance. Isolated cardiac myosin was
used to determine whether the DCM-causing mutations affected

14526 | www.pnas.org/cgi/doi/10.1073/pnas.0606383103

myosin’s ATP hydrolysis and molecular mechanics. The maxi-
mum actin-activated ATPase activity for the F764L mutant
myosin was significantly reduced compared with WT, although
it was not significant for the S532P mutant (Fig. 2). There was
no apparent effect on either the basal ATPase activity or Ky, for
either mutant (Table 3). However, our ability to detect an effect
on K, was likely limited by the actin concentrations used in the
ATPase assay (Fig. 2). Allin vitro myosin studies were performed
with mutant cardiac myosin isolated from homozygous mutant
animals, which have no WT a-cardiac MHC, thus reducing
contamination by WT protein. In addition, we characterized the
motion- and force-generating capacity of the mutant myosin in
an in vitro motility assay in which the movement of individual
fluorescently labeled actin filaments over a surface coated with
individual myosin molecules was assessed (12, 13). The velocity
of actin movement (V,ein) Was significantly reduced for the
mutant myosins, with F764L myosin 20% lower than WT and
S532P myosin 40% lower than WT, suggesting that the slower
rates of myocyte shortening are due, at least in part, to altered
molecular motor function (Table 3).

Alterations to actin filament motion must reflect the impact

Schmitt et al.
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Table 1. Cardiac morphology and function of WT, heterozygous MHC5332P/+ and MHCF764L/+, and homozygous MHCS532P/532P gnd

MHCF764L/F764L mice assessed by echocardiography

S532P/ F764L/
Characteristic WT S532P/+ P F764L/+ P WT S532P P F764L P
No. of mice 9 8 — 6 — 49 7 — 12 —
Age, weeks 48 + 16 48 + 4 — 48 + 1 — 10-30 10-30 — 10-30 —
LVWT, mm 0.92 = 0.10 1.0 =004 0.04 0.95=*0.10 NS 0.90 =0.09 0.90 +0.16 NS 1.00 = 0.15 0.002
LVEDD, mm 2.61+0.24 3.00+074 0.08 325*055 0.003 262+042 3.61=*0.49 <0.0001 3.21 =0.34  <0.0001
LVESD, mm 0.72+=0.34 094 +0.76 NS 1.19 £ 0.57 0.03 0.78 = 0.29 1.90 + 0.31 <0.0001 1.47 = 0.31 <0.0001
FS, % 7311 71 =14 NS 65 *+ 12 0.079 73 =11 47 + 4 <0.0001 54 +7 <0.0001

Values are means =+ SD. LVWT, LV wall thickness at end diastole; LVEDD, LV end diastolic diameter; LVESD, LV end systolic diameter; FS, fractional shortening;

NS, not significant; —, not applicable.

of the mutation on the molecular mechanics of the myosin
motor. Specifically, Viein is related to the displacement gener-
ated by the myosin powerstroke (i.e., the step size, d) and the
duration that myosin remains attached to actin after the step
(fon), SO that Vaein is proportional to d/to, (14). We measured
both d and ¢,, at the level of a single myosin molecule by using
the laser trap assay (Fig. 3). For the S532P mutant, more than
half of the 40% reduction in Vi, can be accounted for by the
24% smaller step size (Table 3). The remaining decrease in Vtin
may be explained by the 24% longer duration of attachment
observed in the laser trap (Table 3). However, in the laser trap,
where 10 uM MgATP is used to enhance detection of individual
events, ¢,y is determined by both the rate of MgADP release and
subsequent binding of MgATP (14, 15), whereas Vein at satu-
rating [MgATP] is limited only by the rate of ADP release (14).
Therefore, the individual kinetic step(s) affected by the mutation
cannot be delineated. Despite this information, a single point
mutation in the actin-binding domain did affect the motor’s
inherent motion generation, d, and one or more transition rates
between states in the actomyosin ATPase cycle that are deter-
minants of 7qp,.

The myosin step size is due to a rotation of the myosin light
chain binding domain or neck that acts as a rigid lever to amplify
motions originating within myosin’s ATP-binding site (16). With
the S532P mutation existing in the actin-binding domain, some
distance from the myosin neck, the change in step size was
surprising, whereas an effect on the duration of the actin-myosin
interaction might have been predicted. It is possible that the
S532P mutation may have disrupted normal actomyosin con-
tacts, weakening myosin’s attachment to actin so that full cleft
closure within the head is prevented, a process that may be
required for full rotation of the lever arm (17). Although the
F764L mutant exhibited a 20% reduction in V,ein (Table 3), the
single-molecule measurements could not detect any changes in
either d or to,. If, as for the S532P mutant myosin, both
mechanical and kinetic components contribute equally to the
20% reduction in Vyein, then 10% changes in both d and ¢,, are
below our detection limits (18). Regardless of the molecular
mechanism, both the S532P and the F764L mutations share a

common phenotype by having reduced actin filament velocities
and actomyosin ATPase activities (Fig. 2 and Table 3).

In addition to the mutations’ effect on Vuin, We investigated
whether the mutant myosin’s force-generating capacity was altered.
We estimated myosin’s average maximum isometric force (Fayg) by
using an in vitro motility mixtures assay (19): a molecular tug of war
in which fluorescently labeled actin filaments are observed moving
over a surface coated with a myosin mixture composed of mutant
or WT cardiac myosin and the slower smooth-muscle myosin. We
chose smooth-muscle myosin because of its known high force-
generating capacity compared with other muscle myosins (19, 20).
In this assay, Vyetin is a result of the two different myosins interacting
simultaneously with the same actin filament and is related to
differences in the relative force-generating capacities for the two
myosins. Differences in F,, determine the curvature of the rela-
tionship between Vyein and the myosin mixture ratio (Fig. 4 and ref.
19). The Viyein:myosin mixture curve for the cardiac WT/smooth-
muscle myosin mixture is concave downward (see Fig. 4). Analysis
of these data suggests that mouse a-cardiac myosin generates half
the Fye of smooth-muscle myosin, as previously reported (19-21).
In addition, with the curvature for all of the Vein:myosin mixtures
being similar for all cardiac myosins tested (see Fig. 4), it appears
that F, is the same for F764L, S532P, and WT myosins (Table 3).

For the heart to function as a pump, it must generate
sufficient power for blood to perfuse through the vascular
system. Power is the product of force and velocity. By using
Vactin and Fyye for the mutant myosins, the estimated power-
generating capacity is apparently diminished by as much as
20% for the F764L and by as much as 40% for the S532P
mutants relative to WT. However, peak power typically occurs
at ~30% of maximal isometric force in muscle (22); therefore,
a true determination of whether power is altered in these
mutant myosins will require characterization of the entire
force:velocity relationship (23).

In addition to the mutations characterized here that lead to
DCM, >100 missense mutations in the B-cardiac MHC have
been identified that result in HCM (24). In contrast to DCM
hearts, HCM hearts are characterized by thick ventricular walls
that exhibit enhanced contractile function and impaired relax-

Table 2. Myocyte characteristics from 8-week-old WT, MHCS332P/+, and MHCF764+ mice

Characteristic WT S532P/+ P F764L/+ P
No. of cells 70 51 — 58 —
Cell length, um 112 = 21 113 = 22 NS 121 = 26 0.02
dL/dt contraction, pm-s~’ 114 = 63 90 *+ 61 0.04 79 = 48 0.001
Cell shortening, % 5.05 = 3.13 3.86 = 2.57 0.03 2.72 + 1.67 <0.0001
dL/dt relaxation, pm-s~? 67 = 58 60 = 73 NS 44 + 42 0.02
Tso baseline, ms 171 = 49 177 = 74 NS 155 = 65 NS

Values are mean = SD. dL/dt contraction, velocity of cell shortening; dL/dt relaxation, velocity of cell
relengthening; Tso baseline, time to 50% maximum relaxation; NS, not significant; —, not applicable.
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Fig.2. Actin-activated ATPase activity versus actin concentration for WT and
the mutant myosins S532P and F764L. The data at each actin concentration is
the mean = SE of data from the number of hearts displayed in parenthesis next
tothe label. These curves are the fit to the Michaelis—-Menten relationship with
the mean values for Vo and K, presented in Table 3.

ation (25, 26). Do the various myosin mutations differentially
impact myosin performance to account for such dramatically
different clinical phenotypes associated with DCM and HCM?
HCM-causing mutations, especially the R403Q mutant, enhance
rather than compromise function (10, 15, 19, 28, 29). Direct
comparison of the mutant myosins described here with data
obtained by our laboratories from mutant R403Q myosin iso-
lated from a mouse model using all of the identical assays (29)
demonstrates that Vctin, Favg, and actomyosin ATPase activity all
are enhanced for R403Q myosin compared with controls. The
enhanced function was also seen in myosin obtained from human
B-cardiac samples (15, 27), suggesting that the mutation has its
effects regardless of the myosin backbone.

Conclusions. The primary insult to the cardiac myosin motor as a
result of the S532P or F764L mutations leads to DCM in the
mouse model, faithfully reproducing the human phenotype. The
compromised enzymatic and mechanical activities at the molec-
ular motor level are the most likely determinants of alterations
in the mechanical performance at the myocyte and whole-heart
levels. How any mutant-dependent changes in specific mechan-
ical and/or enzymatic properties are linked to the dramatic
myocardial remodeling is far from certain. However, there must
exist numerous parallel signaling pathways within the myocyte
that are sensitive to myocyte mechanics, as well as its energy (i.e.,

S532P3

F764L fil

1s

Fig. 3. Representative unitary bead displacement records obtained from
optical trapping experiments for WT and the mutant myosins S532P and
F764L. The traces demonstrate bead movement as detected by the quad-
rant photodiode detector in the three-bead laser trap assay (see Materials
and Methods). Myosin binding events are marked by rapid deflections in
the displacement trace and a reduction in Brownian motion caused by the
added stiffness of the myosin molecule to the bead-actin—bead assembly.
Nineteen to 39 independent traces (=2 min in duration) were obtained for
each myosin type. Estimates of the step size and duration of strong binding
were derived by using the mean-variance technique (18) and are reported
in Table 3.

ATP) consumption (30-32), so that alterations to these me-
chanical and/or enzymatic indices must serve as the trigger to
begin the remodeling process.

That missense mutations in the cardiac MHC gene resulting in
a differential primary insult to the performance of the heart’s
molecular motor is remarkable. Although comprised mechanical
function is not a common theme for either DCM or HCM, based
on the present data and our prior work, we conclude that DCM
mutants have diminished molecular motor function, whereas
HCM mutants may have enhanced molecular motor function.
This differential effect is not limited to myosin mutations but
appears also in mutations within the actin-regulatory system
(33), so that more generally altered sarcomeric function dictates
phenotypic outcome. Differential changes in the molecular
motor performance may be predictive of the clinical outcome to
cardiac function and pathology. In addition, these studies offer
the potential for developing treatments that may overcome the
inherent program to remodel the heart by increasing, or in some
cases reducing, the contractile machinery’s ability to generate
power.

Table 3. Ensemble and single-molecule mechanical properties

Property WT
Vacting pm-s—1 4.2 + 0.7 (20)
Basal ATPase Vinax, s *head='  0.02 + 0.01 (12)
Km, ©M 1.2 +1.0(12)
d, nm 7.6 = 2.2(28)
ton, MS 29 + 6 (26)
Favg, Normalized 1.0 £ 0.1 (2)

S532P P F764L P

2.4 +03(18)* 0.0001 3.4=x04(6)* 0.01
0.05 = 0.3 (5) NS 0.02 = 0.01 (5) NS
2.2+20(5 NS 1.1 = 0.6 (5) NS
5.8 +2.4(39)* 0.005 7.0 £2.0(19) NS
36 = 11(39)* 0.003 29 =7(19) NS
0.8 +0.1(2) NS 0.8 +0.1(2) NS

See Materials and Methods for detailed procedures for determination of all parameters. Actin filament
velocities (Vactin) are means = SD from the number of mouse hearts (shown in parentheses). Basal ATPase, ATPase
activity in the absence of actin; Vimax ATPase, maximum actin-activated value and K, determined by Michaelis—
Menten fit to the ATPase versus actin concentration (see Fig. 2) with the number of hearts in parentheses; d,
myosin step size; ton, duration of myosin attachment to actin after the powerstroke, presented as mean + SD with
the number of myosin molecules shown in parentheses. Values of F,4 are means = SE of the estimate as
determined from the fit to the mixtures assay data (see Fig. 4).

*Differences were quantified by using a one-way ANOVA with a Student-Neuman-Keuls post hoc test used to

locate significant differences at P < 0.05.

14528 | www.pnas.org/cgi/doi/10.1073/pnas.0606383103
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Fig. 4. In vitro motility mixture assay for estimating the relative average
force (Favg) for the WT and mutant S532P and F764L cardiac myosins compared
with smooth-muscle myosin. The relationships between V,in and the per-
centage of fast (cardiac) and slow (smooth muscle) myosin within the myosin
mixture that was applied to the motility surface are shown with Vjycin nor-
malized to the faster cardiac myosin. The data are the combined results of two
independent preparations for each mixture. The fits through the relationships
were determined by using SigmaPlot 2001 based on the mixture model (19).
For all relationships, the apparent curvature suggests that smooth-muscle
myosin generates greater Fayq than any of the cardiac myosins, with the
estimated relative Fayq (mean * SE) for the smooth-muscle myosin (SM) to
cardiac myosin as follows: SM/WT = 1.90 + 0.13; SM/S532P = 2.35 + 0.19;
SM/F764L = 2.50 = 0.14. Based on these fits and Fay4 estimates, the resultant
relationships between Fayq for the mutants relative to WT are presented in
Table 3.

Materials and Methods

Generation of Mutant Mice. Knockin S532P and F764L cardiac
MHC missense mutations were introduced into the murine
a-cardiac MHC gene by using standard techniques (9, 34).
Briefly, murine a-cardiac MHC gene sequences were isolated
from a mouse 129/Sv] BAC library (Incyte Genomics, Palo
Alto, CA). The targeting vector of the F764L mutation was
constructed from two adjacent 2.1- and 4.3-kb-long EcoRI
fragments spanning exons 16—19 and exons 20-24 and plasmid
pPNTloxPNeo (Fig. 5). The missense mutation F764L, in exon
21, was introduced into an EcoRI-Xhol subfragment by using
PCR mutagenesis before reinsertion into the plasmid. The
S532P mutation, in exon 16, was introduced into the 2.1-kb
EcoRI fragment, which encodes exons 16-19. The 2.1-kb
EcoRI fragment carrying the S532P mutation and Spel-EcoR1
(3.7 kb; exons 9-15) flanked the PGK (phosphoglycerate
kinase)-neomycin resistance gene (Fig. 5). For both con-
structs, the neomycin resistance cassette was placed in the
middle of large introns. Plasmid constructs were linearized
with Notl and used for transfection of ES cells (129/Sv]).
G418-resistant clones were screened for homologous recom-
bination by Southern blot analyses. Chimeric mice were mated
with Ella-Cre transgenic mice in the 129/SvEv background for
deletion of the neomycin resistance gene. Genotypes were
determined by PCR analysis and restriction digestion using
mouse-tail DNA. The F764L mutation abolishes an Mboll site,
and the S532P mutation adds an Mbol site. The expression of
the mutation was confirmed by restriction digestion and by
sequencing of standard RT-PCR products using primers that
span several exons (Fig. 5). All mice used in these studies were
bred onto the strain 129/SvEv background.

Schmitt et al.

Mouse Echocardiography. Echocardiography of anesthetized mice
(10 pl of 2.5% tribromoethanol per gram of body weight) was
performed with a 6- to 15-MHz linear array probe connected to
a Sonos 4500 ultrasonograph (Hewlett-Packard, Andover, MA)
as described in refs. 35 and 36. Cardiac dimensions were
obtained from M-mode tracings by using measurements aver-
aged from three separate cardiac cycles. A single observer who
did not know the mouse’s genotype performed all echocardio-
graphic studies. Cardiac contractile function was represented by
the parameter LV fractional shortening (percentage), calculated
as [(LV diastolic diameter — LV systolic diameter)/LV diastolic
diameter] X 100.

Characterization of Single Cardiac Myocytes. Myocytes were iso-
lated as described in ref. 37. An edge detection camera allowed
simultaneous recordings of cell length changes in single myo-
cytes. Myocytes in which contrast was insufficient to capture the
outermost edge (cell length of <80 wm) were not included in
analyses. Data were analyzed by using Digital Edge Detection
Software from IonOptix (Milton, MA).

Ensemble and Single-Molecule Measurements. Myosin isolation,
ATPase activities and actin filament velocities in the motility
assay were measured as described in refs. 12, 13, and 19. In
brief, samples of LVs (=20 mg) were homogenized for 20 min
in high-salt buffer (1:5 wt:vol, 0.3 M KC1/0.15 M K,HPO,./0.01
M NasP0O,/0.001 M MgCl,/0.002 M DTT, pH 6.8), followed
by ultracentrifugation for 1 h at 150,000 X g. Filamentous
myosin was precipitated from the supernatant, pelleted by
ultracentrifugation for 20 min at 50,000 X g, and resuspended
in myosin buffer (0.025 M imidazole/0.004 M MgCl,/0.01 M
DTT/0.001 M EGTA/0.3 M KCl, pH 7.4). This mini-isolation
procedure, used extensively in our laboratory (15, 29, 38),
yields ~0.2 mg of highly purified whole myosin without
evidence of protein contaminants or proteolysis. Additionally,
before an experiment, the myosin was further purified by
centrifugation in the presence of equimolar actin and 0.001 M
ATP in myosin buffer (15). By using only the supernatant,
denatured ‘“rigor-like” myosin that would have dramatic
impeding effects in the motility assay and laser trap was
eliminated.

The detailed procedures for the actomyosin ATPase measure-
ments are described in refs. 29 and 38. In brief, actin-activated
ATPase activities of myosin (100—400 nM) isolated from a single
heart were measured through colorimetric determination of P;
release at multiple actin concentrations between 5 and 20
wmol/liter by using 2 mmol/liter MgATP at pH 7.4 and 20°C.
Values of P; released (s~!*head™!) versus actin concentration
were plotted and fitted to Michaelis—Menten kinetics (V' = Viax
X [actin]/Ky + [actin]) with Viax and Ky, fit parameters by using
SigmaPlot 2001.

Actin filament velocities (Vactin) Were determined in an in vitro
motility assay (12, 15) through manual filament tracking soft-
ware (13) at 1 mM ATP in low-salt actin buffer (0.025 M
imidazole/0.004 M MgCl,/0.01 M DTT/0.001 M EGTA/0.025
M KCl, pH 7.4) at 30°C, and 100 pg/ml monomeric myosin was
added to the flow-cell chamber. Video images were digitized at
three frames per s so that actin filaments moved no more than
half their length between images. Up to 50 filaments per heart
sample were tracked within a field in which >90% of the
filaments were moving. For each filament, its mean velocity and
SD were determined, and filaments having a SD of the mean
velocity of 30% or better were accepted, which was indicative of
a continuous and smoothly moving actin filament (39). The
velocity data in Table 3 are reported for multiple hearts as the
mean and SD based on the mean velocity of the recorded
filaments for each heart.

To measure the relative maximum average isometric force
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(Favg), a myosin mixtures assay was used (19). In this assay, fast
(cardiac) and slow (chicken gizzard smooth muscle) myosins
were mixed in various proportions to a total concentration of
100 wg/ml and then added to the experimental chamber under
the conditions described above. The relationship of Victin
versus the myosin mixture ratio was fitted to a model that
assumes that the force-generating capacity for the two myosins
within the mixture are affecting each other’s motion genera-
tion because of their simultaneous interaction with a given
actin filament (see ref. 19 for model details). The model fit,
using SigmaPlot 2001 software, provides an estimate of the
relative F,,, for the fast and slower myosin. This indirect assay
has been validated through direct measures of force genera-
tion, albeit by using an extremely labor-intensive microneedle
assay (21, 40).

The laser trap techniques are described in detail in ref. 18.
Briefly, two orthogonally polarized beams were split from a single
beam generated by a variable power Nd:yttrium/aluminum-garnet
solid-state laser (transverse electromagnetic mode 00, maximum
power 2.5 W, 1,064 nm; model T-10V-106C; Spectra Physics,
Mountain View, CA). Each beam trapped a N-ethylmaleimide-
myosin-coated polystyrene bead that was attached to the ends of a
fluorescently labeled actin filament, with a typical single trap
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stiffness of ~0.02 pN/nm and 4 pN of pretension. The bead—actin—
bead system was brought into close proximity of the surface of a
silica bead pedestal that was sparsely coated with myosin. Unitary
displacement events were detected as changes in the bright-field
image position of one of the trapped beads. This image was
projected onto a quadrant photodiode detector with bead displace-
ment indicating unitary displacements. Data traces (Fig. 3) were
analyzed by using the mean-variance technique as described in ref.
18 to obtain estimates of unitary step size and the duration of strong
actin binding. All experiments were performed at 25°C and in
low-salt actin buffer with 10 uM ATP.

Statistical Analysis. Statistical analysis was performed by using
SigmaStat 3.0 (SPSS, Point Richard, CA). A one-way ANOVA
was used to determine significance, and a Student-Neuman-—
Keuls post hoc test was used to locate specific differences among
the means. P < 0.05 was considered significant.
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