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Summary
To study the regulation of cardiac muscle contraction by the myosin essential light chain (ELC)
and the physiological significance of its N-terminal extension, we generated transgenic (Tg) mice
partially replacing the endogenous mouse ventricular ELC with either the human ventricular ELC
wild type (Tg-WT) or its 43 amino acid N-terminal truncation mutant (Tg-Δ43) in the murine
hearts. The mutant protein is similar in sequence to the short ELC variant present in skeletal
muscle and the ELC protein distribution in Tg-Δ43 ventricles resembles that of fast skeletal
muscle. Cardiac muscle preparations from Tg-Δ43 mice demonstrate reduced force per cross-
sectional area of muscle, which is likely caused by a reduced number of force generating myosin
cross-bridges and/or by decreased force per cross-bridge. As the mice grow older, the contractile
force per cross-sectional area further decreases in Tg-Δ43 mice and the mutant hearts develop a
phenotype of non-pathologic hypertrophy while still maintaining normal cardiac performance. The
myocardium of older Tg-Δ43 mice also exhibits reduced myosin content. Our results suggest that
the role of the N-terminal ELC extension is to maintain the integrity of myosin and to modulate
force generation by decreasing myosin neck region compliance and promoting strong cross-bridge
formation and/or by enhancing myosin attachment to actin.
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Introduction
Muscle myosin is a hexamer composed of two heavy chains (MHC) and two pairs of myosin
light chains (MLC) 1; 2; 3; 4. The C-terminal coiled-coil MHC constitute the myosin thick
filaments while the N-termini fold into two globular heads (S1) containing a nucleotide
binding site, an actin binding domain and an α-helical lever arm, where one essential (ELC)
and one regulatory (RLC) light chains are attached 5. The major actin binding site, as
depicted by crystallography data, is in the 50 kDa domain of the myosin head 6; 7. However,
extensive biochemical, electron microscopy and NMR studies have demonstrated an
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additional binding site for actin, located at the N-terminus of the myosin ELC 8; 9; 10; 11; 12;
13; 14; 15; 16; 17. These studies however have not yet been confirmed structurally, likely
owing to the highly disordered structure of the N-terminus of the ELC 5; 18. The recent
modeling study by Morano's group illustrates the N-terminal domain of ELC as a rod-like 91
Å-long extension that could function as a bridge between the ELC and the actin filament 19.
Using electron cryomicroscopy in conjunction with light-scattering and fluorescence
analyses, Lowey et al. demonstrated the binding of the N-terminal extension of the ELC to
the SH3 domain of MHC and subsequently to actin 20.

Across the muscle types, the ELC can exist as a long variant (cardiac muscle), short (smooth
muscle) or appear as a combination of both forms (skeletal muscle) 12. Murine fast skeletal
muscle for instance contains a long MLC1 and a 38 amino acids shorter MLC3 (Fig. 1A).
On the other hand, cardiac muscle contains only the long ELC isoform, both in the atria
(ELCa) and ventricles (ELCv) (Fig. 1B) 4; 21; 22. The functional importance of the ELCv
(long isoform) is highlighted by recent identification of several missense mutations in the
human ventricular ELC (huELCv), shown to cause Familial Hypertrophic Cardiomyopathy
(FHC) (reviewed in 23 and 4). FHC is an autosomal dominant disease characterized by left
ventricular and septal hypertrophy, myofibrillar disarray and sudden cardiac death. The
mechanisms by which these mutations in huELCv lead to FHC are not known.

Despite extensive effort by many, the physiological significance of the ELC and its N-
terminal extension remains obscure. Various mechanisms have been put forward in attempts
to explain the function of the N-terminus of ELC in skeletal and cardiac muscle contraction.
The general hypothesis derived from numerous studies comprehensively summarized in the
recent reviews by Timson 22 and Hernandez et al. 4 suggests that the N-terminal ELC
extension regulates myosin motor function by changing binding of the myosin head to actin
and thereby influencing the cross-bridge cycling kinetics. Presumably this fine tuning of
myosin cross-bridge kinetics by the N-terminal ELC extension occurs in an isoform and/or
tissue specific manner. To elucidate the molecular mechanism underlying the ELC-specific
contractile physiology and the importance of the N-terminus of the ventricular ELC for
cardiac muscle function, we generated transgenic (Tg) mice expressing the human
ventricular huELCv wild type (Tg-WT) or its 43 amino acid N-terminal truncation mutant
(Tg-Δ43) in murine hearts. Our long term interests in understanding the ELC mediated
biology of the heart in health and disease including the effects of FHC mutations found in
huELCv on cardiac muscle function prompted transgenic expression of the human rather
than mouse ELC isoform. Thus, Tg-WT mice generated simultaneously with Tg-Δ43 lines
for this study can be utilized in other experiments investigating FHC ELC transgenic animal
models.

The huELCv-Δ43 protein is similar in sequence to the short MLC3 present in skeletal
muscle (Fig. 1), and the ELC protein distribution in Tg-Δ43 ventricles resembles that of fast
skeletal muscle (Fig. 2). Our results demonstrate that a partial replacement of the
endogenous mouse ventricular muELCv with transgenic truncated huELCv-Δ43 results in
reduced contractile force measured in Tg-Δ43 skinned papillary muscle fibers compared to
Tg-WT and non-transgenic (NTg) control cardiac muscle preparations. As the mice mature,
the hearts of the Tg-Δ43 mice hypertrophy, but the ventricles do not show a pathologic
phenotype. An MRI (magnetic resonance imaging) assessment also demonstrates normal
cardiac function. Our results suggest that the N-terminal ELC extension regulates force
generation in muscle through its direct contacts with actin and/or through influencing the
conformation of the MHC and its interaction with actin, both mechanisms promoting strong
cross-bridge formation. While N-terminal ELC signaling is prevented in the genetically
manipulated mice, we conclude that the myocardium of Tg-Δ43 animals remodels to
maintain normal cardiac performance.
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Results
Three lines of Tg-WT (L1, L3, and L4) expressing the full length huELCv (Fig. 2A) in
mouse myocardium and multiple lines of Tg-Δ43 mice (L2, L4, L5, L7, L8 and L9)
expressing a 43 amino acid truncation mutant (Δ43) of huELCv (Fig. 2B) were generated
and subjected to functional, histological and MRI assessments. The amino acid sequences of
Tg-WT and Tg-Δ43 proteins are shown in Fig. 1B along with the sequence of the
endogenous mouse ventricular muELCv. The studies were performed with age and gender
matched Tg-Δ43 and Tg-WT mice and non-transgenic (NTg) littermates. Female (F) and
male (M) mice were used in protein expression, MRI and histopathology determinations
while the majority of the functional studies on papillary muscle fibers were performed with
age matched male mice. The results obtained with Tg-Δ43 lines expressing 30-40% of
huELCv-Δ43 protein (L2, L4, L5, L8 and L9) were compared with Tg-WT L3 expressing ∼
36% of huELCv (Fig. 2). Tg-WT, L1 and L4 expressing ∼78 and 71 % of huELCv,
respectively were used as another set of controls.

Transgenic protein expression
Transgenic protein expression in all Tg-WT and Tg-Δ43 mouse lines was determined in left
ventricular extracts and verified in myofibrils purified from transgenic hearts excluding
atria. Due to the larger molecular weight of muELCv vs. huELCv (Fig. 1B), the gel mobility
of these two proteins differs enabling direct estimation of transgenic WT protein
replacement in mouse ventricles (Fig. 2A). Despite repeated breeding among siblings, we
were not able to achieve higher than about 40% transgene expression in Tg-Δ43 mouse lines
(Fig. 2B). The lowest expressing line was Tg-Δ43 L7 with 12% replacement of the
endogenous muELCv with transgenic huELCv-Δ43 protein. The preparations from this line
were withheld from functional experiments. Interestingly, the resulting distribution of the
ELC proteins (endogenous mouse and transgenic human) in Tg-Δ43 ventricles (Fig. 2B)
resembled that present in the fast extensor digitorum longus (EDL) skeletal muscle (Fig.
2C), expressing a combination of a long murine skeletal MLC1 (mu skMLC1) and a short
mu skMLC3 24 (Fig. 1A). No alterations in skeletal endogenous ELC (mu skMLC1 and mu
skMLC3) protein distribution due to ventricular expression of the WT and Δ43 proteins was
observed in the EDL muscle of Tg-WT and Tg-Δ43 mice compared to NTg mice (Fig. 2C).
The percent of mu skMLC3 (Δ43-like) content to total endogenous ELC (mu skMLC3 + mu
skMLC1) in the EDL muscle was 21±2% in Tg-Δ43 mice, 17±3% in Tg-WT mice
compared to 17±5% in NTg mice (Fig. 2C).

Transcript expression assessed with real time PCR
Table I presents the gene expression profile in the left ventricular tissue (LV) and in the
EDL muscle from ∼ 3 month old Tg-Δ43 and Tg-WT mice compared to NTg control. The
data were generated with 3-4 hearts per mouse group and the individual RNA samples were
run in duplicate. The fold change (FC) expression of all tested genes in Tg-Δ43 and Tg-WT
mice was compared to NTg mice (FC=1). As indicated in Table I, the pattern of gene
expression was similar among the three groups of mice (p>0.05). Interestingly, Actc 1
encoding for cardiac α-actin was down-regulated in Tg-Δ43 compared to NTg mice
(p=0.008); however, when compared to α-actin expression in Tg-WT (FC=1), the FC of Tg-
Δ43=-1.14 and the difference was not statistically significant (p=0.072). No changes in
skeletal endogenous ELC mRNA expression (Myl 1) due to ventricular expression of the
WT and Δ43 proteins was observed in the EDL muscle of Tg-WT and Tg-Δ43 mice
compared to NTg mice (Table I).
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Actin-activated myosin ATPase activity
The kinetics of the actomyosin interaction in transgenic mutant, WT and control mice were
assessed at the molecular level in actin activated myosin ATPase activity assays (Fig. 3).
Myosin from at least two different preparations isolated and purified from the ventricles of ∼
4 (Fig. 3A) and ∼ 8 (Fig. 3B) month old NTg, Tg-WT and Tg-Δ43 mice were used and each
myosin preparation was obtained from 5-6 hearts per group of mice. A slight decrease in the
Vmax was observed for myosin from both young and older Tg-Δ43 (0.27 ± 0.02 s-1 for ∼ 4
month old and 0.29 ± 0.01 s-1 for ∼ 8 month old) mice compared to Tg-WT (0.31 ± 0.01 s-1

for ∼ 4 month old and 0.32 ± 0.02 s-1 for ∼ 8 month old) and NTg (0.34 ± 0.02 s-1 for ∼ 4
month old and 0.35 ± 0.02 s-1 for ∼ 8 month old) mice (Fig. 3). There was a significant
decrease in the Vmax of the ATPase activity of myosin from ∼4 month old Tg-Δ43 vs. NTg
mice (p=0.048), whereas there were no statistically significant changes in Vmax of the
actomyosin interactions between ∼4 month old Tg-Δ43 vs. Tg-WT mice (Fig. 3A, p>0.05)
or between ∼8 month old mutant vs. control mice (Fig. 3B, p> 0.05). There was also no
change in Vmax between younger and older Tg-Δ43 mice. Likewise, no significant
differences in Km were observed between myosins from all groups of mice. The respective
Km values for ∼4 and ∼8 month old animals were: Tg-Δ43, 2.10 ± 0.70 μM and 1.68 ± 0.34
μM; Tg-WT, 2.27 ± 0.43 μM and 2.56 ± 0.51 μM; NTg, 2.62 ± 0.53 μM and 2.83 ± 0.50
μM. The data are the average of n=4 individual experiments ± SE. These results suggest that
the genetic ablation of the N-terminal ELC extension does not affect the Vmax and Km
parameters of the ATP-driven interaction of myosin with actin.

Myofibrillar ATPase activity
Since no age related differences were observed in the actin activated myosin ATPase
activity, we have examined the Ca2+ regulation of the actomyosin interaction in the
unloaded myofibrillar ATPase assay for only ∼4 month old NTg, Tg-WT and Tg-Δ43 mice.
The assays represent the actin activated activity of myosin in the presence of the regulatory
system containing tropomyosin (Tm) and troponin (Tn). Fig. 4A shows the ATPase activity
of cardiac myofibrils in the presence of 0.5 mM CaCl2 or the absence of Ca2+ (1 mM
EGTA), while Fig. 4B shows the myofibrillar ATPase activity as a function of increasing
Ca2+ concentrations 25. No differences among myofibrils from all tested groups of mice
were observed at -Ca2+ (1 mM EGTA) conditions (Fig. 4A). In the presence of Ca2+, the
activity of Tg-Δ43 myofibrils was slightly lower compared to control groups, with the value
for 20 μg of Tg-Δ43 myofibrils (utilized in the ATPase-pCa assay) significantly lower than
Tg-WT (p=0.02, Fig. 4A). The Ca2+ sensitivity of myofibrillar ATPase (Fig. 4B) was
similar among all groups of myofibrils, with Tg-Δ43 showing lower cooperativity (Hill
coefficient, nH=1.49) compared to control NTg (nH=1.67) and Tg-WT (nH=1.73) myofibrils.
The maximal myofibrillar activity of Tg-Δ43 mice was not different from that of Tg-WT but
was significantly lower compared with NTg mice (p<0.05). On the other hand, the
myofibrillar ATPase activity at low and submaxiaml calcium concentrations (6<pCa<8) was
slightly elevated in Tg-Δ43 myofibrils compared with Tg-WT preparations (p<0.05) (Fig.
4B). This result suggests that the N-terminal ELC extension might be important for the
regulation of the Tm-Tn dependent interaction of myosin cross-bridges with actin at low and
submaximal Ca2+ concentrations and that the ablation of the N-terminus of ELC affects this
interaction and impairs cross-bridge turnover.

Skinned muscle fiber studies
The functional studies in skinned papillary muscle fibers from ∼3 and ∼7 month old NTg,
Tg-WT and Tg-Δ43 mice were performed as described in Materials and Methods and in our
recent work 26; 27. The data are presented in Table II. Simultaneous ATPase-pCa and force-
pCa measurements under isometric conditions were performed using all generated Tg-Δ43
lines expressing 30-40% protein (Fig. 2). The results were compared to Tg-WT L3 and L4
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expressing ∼36% and ∼71% of huELCv, respectively and to NTg fibers. Two Tg-WT
mouse lines (L3 and L4) were also compared against each other and no statistical
differences (p>0.05) in ATPase and/or force measurements were found between ∼3 and ∼7
month old Tg-WT L3 vs. ∼3 and ∼7 Tg-WT L4 mice.

Fiber force—The most pronounced effect of the Δ43 truncation monitored in this study
was in the maximal force per cross-sectional area of muscle (Table II). A 23% and 15%
decrease in maximal force was observed in skinned muscle fibers from ∼3 month old Tg-
Δ43 mice compared to age matched Tg-WT and NTg mice, respectively (p<0.01).
Interestingly, the difference in force/cross-sectional area between the mutant and control
muscles was larger in older mice (Table II). Maximal force measured in fibers from ∼7
month old Tg-Δ43 mice (38.1 kN/m2) was 53% lower than that in Tg-WT mice (80.9 kN/
m2), and 44% lower than that measured in NTg fibers (67.8 kN/m2) (p<0.01) (Table II).
Furthermore, a slight but significant decrease in the Ca2+ sensitivity of force determined in
muscle fibers from ∼3 month old Tg-Δ43 compared with age matched Tg-WT (p=0.035)
and NTg fibers (p=0.014) was observed (Table II). The statistically significant difference in
calcium sensitivity in ∼7 month old animals was only between Tg-Δ43 and NTg mice
(p=0.047) (Table II). In addition, a Δ43 induced decrease in the Hill coefficient (nH) of the
force-pCa dependence was observed in Tg-Δ43 muscle fibers compared to NTg fibers, in
both ∼3 (p=0.03) and ∼7 (p=0.08) month old animals (Table II). Less cooperativity in the
mutant fibers might be responsible for a shift in the force – pCa relationship to higher Ca2+

concentrations in Tg-Δ43 mice. A lower number of myosin heads available to interact with
actin would also lead to lower cooperativity along the thin filament due to the greater
distances between the active regulatory units.

Cross-bridge attachment at maximal Ca2+ activation—To get more insight into the
nature of the force related phenotype in Tg-Δ43 mice, we have pursued the effect of the Δ43
mutation on the fraction of force generating myosin cross-bridges that can attach to actin at
maximal calcium activation. At the end of the force/ATPase-pCa measurements, the fibers
were perfused with the Ca2+ activating solution (pCa 3.4), in which 2 mM ATP was
replaced with 10 mM MgADP to bring all cycling myosin cross-bridges into the force
generating state and the level of tension determined in this solution was the maximal force
that the fiber could develop 28; 29; 30. Once the maximum force was measured in the
presence MgADP, the fibers were retired from any further experiments. The ratio of the
maximal Ca2+ activated force divided by the maximum force the muscle fiber can develop
in the presence of 10 mM MgADP represents the fraction of cross-bridges (fXB) that can
attach to actin at maximal Ca2+ activation (maxCa2+) (Table II). As demonstrated, there was
a significant 15% decrease in fXB at maximum calcium activation in ∼7 month old Tg-Δ43
mice compared to age matched Tg-WT and NTg control mice (p< 0.05). There was also a
significant 15% decrease in fXB at maxCa2+ in ∼7 month old Tg-Δ43 mice compared to ∼3
month old Tg-Δ43 (Table II). These results indicate that as mice grow older, the fraction of
total cross-bridges that can attach to actin during maximal Ca2+ activation is decreased
approximately 15% in the Δ43 truncated myocardium compared to control Tg-WT and NTg
mice and to ∼3 month old Tg-Δ43 mice.

To elucidate why force per cross-sectional area of muscle was so profoundly decreased in
older Tg-Δ43 mice we have studied the age dependent changes in the thick-filament protein
content (ELCtotal and RLCtotal) relative to the thin filament troponin I (TnI) in papillary
muscle fibers from Tg-Δ43 mice. Two age groups of mice, 5 and 12 month old Tg-Δ43, Tg-
WT and NTg mice were compared in five independent experiments. Fig. 5 demonstrates
representative Western blots of papillary muscle extracts from transgenic mice blotted with
ELC and RLC antibodies (upper panel) and subsequently with TnI antibody (lower panel).
The ratios of ELCtotal /TnI and RLCtotal /TnI determined in papillary muscle (n=4) and left
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ventricular wall (n=1) preparations from Tg-Δ43 mice showed a 26±7% decrease in ELCtotal
and a 34±8% decrease in RLCtotal as the mice developed from 5 to 12 months of age (Fig.
5A). In contrast, preparations from control Tg-WT animals showed slight age dependent
increases of 6±9% in ELCtotal and 5±13% in RLCtotal (Fig. 5B). Likewise, NTg preparations
showed a slight increase of 9±17% in ELCtotal but a slight decrease of 4±21% in RLCtotal
content in 12 month old mice compared to 5 month old NTg animals. Notably, the ratio of
the transgenic ELC proteins (WT and/or Δ43) to the total ELC (endogenous + transgenic)
remained the same in both age groups indicating that the level of transgenic protein
expression did not change with age. These results suggest that a greater Δ43 induced
decrement in force observed in older animals compared to younger groups (Table II) might
be due to a lower total protein content in older Tg-Δ43 mice.

Cross-bridge kinetics and the energy cost of contraction—The transition from the
non-force-generating state to the force-generating state in muscle can be characterized by
the cross-bridge attachment rate “f” while the rate of the cross-bridge return to the non-
force-generating state is described by “g” 31; 32; 33. In our study, we have determined the
cross-bridge detachment rate as g = ATPase/ concentration of cross-bridges attached at all
levels of force activation, where the denominator = normalized force × concentration of
myosin cross-bridges × fraction of cross-bridges attached at maximal Ca2+ activation 32. The
total intracellular myosin cross-bridge (S1) concentration in muscle was assumed as 154 μM
34. As shown in Fig. 6A, the rate of cross-bridge dissociation g was slightly lower in
papillary muscle fibers from ∼3 month old Tg-Δ43 compared with Tg-WT (p<0.05). No
statistically significant differences in g were observed in ∼7 month old Tg-Δ43 vs. control
mice (Fig. 6B). To account for a possible decrease in myosin cross-bridge concentration as it
was determined in the papillary muscles from ∼12 month old Tg-Δ43 mice (Fig. 5), we have
recalculated the g values for Tg-Δ43 fibers assuming a hypothetical 10% (green), 20%
(blue) and 30% (red) decrease in S1 concentration and plotted as a function of fractional
cross-bridge attachment (Fig. 6B, color lines). As shown in Fig. 5, the latter percent of
decrease in [S1] was experimentally determined in 12 month old Tg-Δ43 mice. The color
curves demonstrate that, as expected, the calculated g values would increase as the myosin
cross-bridge concentrations decrease (Fig. 6B). Although the experimental “older” Tg-Δ43
mice were ∼7 and not ∼12 month old we observe a correlation between the g values
illustrated by the red curve in Fig. 6B and a 15% decrease in the fraction of cross-bridges
attached at maximal Ca2+ measured in the fibers from ∼7 month old Tg-Δ43 vs. control
mice (0.594 vs. 0.690, Table II). This is because at maximal calcium activation the fraction
of attached cross-bridges fXB = f/(f+g) 32. Thus, the myocardium of ∼7 month old Tg-Δ43
most likely contains a 30% lower S1 concentration compared to age matched control mice
and to all groups of younger animals.

Figs. 6C and D demonstrate the energy cost (fiber ATPase/force) of isometric contraction in
Tg-Δ43 compared with control Tg-WT and NTg muscle fibers plotted as a function of the
fractional cross-bridge attachment. A small but significant increase in energy cost was
present in fibers from younger Tg-Δ43 mice compared with NTg fibers (p<0.05) (Fig. 6C).
Since the ratio of fiber ATPase/force is proportional to g/Fav 31; 32, where Fav is the average
force per cross-bridge, one can hypothesize that in order for the energy cost to increase
slightly (Fig. 6C) with a small decrease or no change in g (Fig. 6A), the force per myosin
cross-bridge, Fav, has to decrease. Interestingly, similar to the force phenotype in maturing
Tg-Δ43 mice, the energy cost in the fibers from ∼7 month old mutant mice was also
profoundly affected compared to controls (Fig. 6D). A large increase in ATPase/force (Fig.
6D) with no change or small increase in g (Fig. 6B) indicates that Fav in ∼7 month Tg-Δ43
fibers is markedly decreased. Since the ratio of fiberATPase/force plotted as a function of
fractional cross-bridge attachment does not depend on [S1], the fact that fewer cross-bridges
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might be available in older Tg-Δ43 animals has no bearing on the strikingly high energy cost
observed in contracting fibers from ∼7 month old Tg-Δ43 vs. control Tg-WT and NTg mice.

Taken together, we show that the Δ43 ELC truncation most likely results in a lower force
per myosin cross-bridge in Tg-Δ43 mice of both ages. In addition, as the mutant mice grow
older, fewer cross-bridges are available to interact with actin contributing to the decreased
force per cross-sectional area of muscle in Tg-Δ43 mice. Reduced contractile protein mass
in the hearts of older Tg-Δ43 mice is likely responsible for a greater mutant induced
decrement in force observed in older mice compared to younger animals. In addition, there
is inefficient energy use in the fibers from older Tg-Δ43 mice. Our findings highlight the
importance of the N-terminal ELC extension not present in Tg-Δ43 mice for cardiac muscle
physiology.

Magnetic Resonance Imaging
To examine whether the Δ43 phenotype observed in skinned muscle fibers could be
manifested in vivo, ∼7 month old Tg-Δ43 mice and age matched Tg-WT and NTg controls
were subjected to high resolution magnetic resonance imaging (MRI) (Fig. 7).
Measurements of the left ventricular volumes in diastole (EDV) and systole (ESV) were
done for each slice by tracing the blood pool in the left ventricles at the end-diastole and
end-systole. Total ventricular volumes were calculated by summing the volumes of each
slice according to Simpson's rule 35. The respective following equations were used to assess
the stroke volume (SV), ejection fraction (EF) and cardiac output (CO): SV = EDV – ESV,
EF = SV / EDV, CO = SV × Heart rate, where EDV and ESV were end diastolic and
systolic volumes, respectively. Heart rates were monitored during imaging and were read
7-9 times for each mouse.

Figs. 7A and B illustrate inner wall thickness in systole and diastole. As demonstrated there
is a significant increase in interventricular septal wall thickness in systole between Tg-Δ43
mice and control Tg-WT and NTg mice (Fig. 7A). Likewise, a significant increase in wall
thickness was observed between Tg-Δ43 and Tg-WT mice in diastole (Fig. 7B). Functional
MRI data derived by three independent investigators using two different programs are
presented in Figs. 7C and D. No effects of Δ43 truncation in ELC on the ejection fraction (in
%) and cardiac output (ml/minute) in all tested Tg-Δ43 mice compared to Tg-WT and NTg
mice were observed (Fig. 7C). The same was true for cardiac output and no statistically
significant changes between the groups were monitored (Fig. 7D). The average heart rates
(in beats per minute) in Tg-Δ43, Tg-WT and NTg mice were respectively 399 ± 23, 467 ±
33 and 368 ± 35. Fig. 7E demonstrates the representative images of end-diastole and end-
systole for Tg-Δ43 F (female) 9-51 mouse compared to control NTg F 4-83 mouse. Septal
wall thickness measurements in diastole for these two representative mice were: 1.49 ± 0.19
mm (Tg-Δ43) and 1.11± 0.09 mm (NTg). In systole the values were: 1.83 ± 0.19 mm (Tg-
Δ43) and 1.42± 0.14 mm (NTg). Our MRI results suggest that as the mice grow older, the
hearts of Tg-Δ43 mice hypertrophy but do not manifest functional abnormalities and present
unchanged cardiac performance.

Histopathology
To gain further insight into the nature of the skinned muscle fiber and MRI phenotypes
observed in maturing Tg-Δ43 mice, the hearts of the mice subjected to the MRI examination
were assessed for overall morphology and histopathology. For comparison, a histologic
evaluation of hearts from young (∼ 2 months of age) Tg-Δ43, Tg-WT and NTg mice was
also performed (Fig. 8). Consistent with the hypertrophic phenotype observed in older Tg-
Δ43 mice (Figs. 7A and B), the gross morphological assessment of the hearts evaluated by
MRI shows a large increase in heart size in Tg-Δ43 mice (males and females) compared to
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the age and gender matched control hearts from Tg-WT and NTg mice (Fig. 8A). However,
the subsequent histological analysis of hematoxylin and eosin (H&E) and Masson's
trichrome (Masson) stained left ventricular (LV) sections from these hearts demonstrated no
tissue abnormalities, myofilament disarray or fibrosis (Fig. 8B). Likewise, there was no
difference in morphology of LV tissue between ∼2 month old and ∼7 month old mice from
all groups (Fig. 8B). In summary, we show that as the mutant mice mature the hearts of Tg-
Δ43 mice grow larger, most likely due to activation of some compensatory mechanism to
balance the reduced contractile force in the mutated myocardium. However, the ventricles of
Tg-Δ43 mice do not show any pathologic phenotype or changes in the MRI assessed cardiac
function. Perhaps, the structural changes in the Δ43 truncated myofilaments trigger an ELC
mediated cardiac remodeling resulting in unchanged cardiac performance in Tg-Δ43 mice.

Discussion
To assess the role of the myosin essential light chain N-terminal extension in cardiac muscle
contraction, we have examined the physiological, biochemical and histological properties of
transgenic hearts expressing a 43 amino acid truncated form of the human ventricular ELC
(Tg-Δ43) compared to a full-length human ventricular wild-type ELC (Tg-WT) in mice
(Fig. 1). Our long term objective to fully understand the ELC physiology of the heart,
including the effects of familial hypertrophic cardiomyopathy mutations in ELC on cardiac
muscle function, prompted us to the use the human rather than the mouse ELC isoform. The
results show that the genetic ablation of the N-terminal ELC extension induces reduced
force per cross-sectional area of muscle and leads to age dependent compensatory cardiac
hypertrophy. We also demonstrate that the removal of the N-terminus of ELC produces an
approximately 30% deficit in myosin cross-bridge content in the myocardium of aging Tg-
Δ43 mice (Fig. 5) and that the force/cross-sectional area further decreases in the hearts of
older mutant mice (Table II). However, the myocardium of Tg-Δ43 animals does not
develop an age dependent pathologic phenotype and maintains unchanged cardiac
performance (Figs. 7 and 8).

Here we address the molecular mechanisms underlying the N-terminal ELC extension-
dependent regulation of force generation in muscle and discuss our findings along with the
data and the mechanisms put forward by others 21; 36; 37; 38. In addition to the major actin
binding site located in the 50 kDa domain of the MHC 6, it has been shown that the
positively charged N-terminus of the long ELC variant, present in skeletal and cardiac
muscles, can interact with the negatively charged C-terminus of actin (reviewed in
Hermandez et al. 4). Since the atomic information of the “free-state” ELC (not bound to
MHC) or the structural details regarding the N-terminal ELC extension are not currently
available, these direct ELC-actin molecular contacts proposed previously 9; 11; 16 and in the
recent studies 19; 20 are still under debate. Contrary to the fast skeletal muscle containing a
combination of the long (MLC1) and short (MLC3) skeletal ELC variants, the cardiac
myosin exclusively contain the long ELC isoform that is similar in sequence to the fast
skeletal MLC1 (Fig. 1). The additional question that we address in our Tg-Δ43 study is the
role of the short MLC3 in skeletal muscle contraction and its lack of expression in cardiac
muscle. Interestingly, the resultant cardiac ELC distribution in Tg-Δ43 hearts, containing a
mixture of a long (endogenous) and short (transgenic) ELC variants (Fig. 2B), resembles
that present in fast skeletal muscle 24 (Fig. 2C). We hypothesize that the presence of the
short transgenic Δ43 protein, partially replacing the long endogenous ELC in the murine
cardiac myosin leads to altered interaction of myosin with actin through one or more of the
following pathways: 1) ablation of the N-terminal myosin ELC induced cooperative
activation of the thin filament; 2) lack of an N-terminal myosin ELC “tether” between the
thick and thin filaments; 3) increased compliance of the neck region of the myosin head and
its reduced ability to promote and/or support the strong cross-bridge formation. We further
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hypothesize that one or more of these mechanisms is responsible for a reduced force per
cross-sectional area of muscle observed in the Δ43 ablated myocardium that is most likely
caused by a decreased force per cross-bridge and/or a reduced number of force generating
myosin cross-bridges.

Regarding hypothesis #1, it has been suggested that the N-termini of the long cardiac
myosin ELC proteins activate the Tm-Tn regulated thin filaments in a cooperative manner
and thus the genetic ablation of the N-terminal ELC extension would result in a lower
myofilament cooperativity and decreased calcium sensitivity. As shown in Table II, the N-
terminal Δ43 truncation led to a slight decrease in myofilament calcium sensitivity in Tg-
Δ43 myocardium compared to controls. The mutant myofibrils (Fig. 4) and fibers (Table II)
also demonstrated lower myofilament cooperativity compared to Tg-WT and NTg
preparations. An N-terminal ELC extension induced cooperative activation was proposed by
Rarick et al. 37. The authors studied the regulation of ATPase activity by the peptides
derived from the sequence of the N-terminal myosin ELC actin binding domain (residues 5–
14 of ELC) added in rat cardiac myofibrils. The results showed that the presence of nano-
molar concentrations of peptides was able to induce a supra-maximal ATPase activation at
submaximal Ca2+ levels suggesting a peptide induced cooperative interaction of the thin
filament 37. An increase in isometric tension generation at both sub-maximal and maximal
Ca2+ concentrations was also observed in human cardiac muscle fibers incubated with N-
terminal ELC peptides spanning amino acids 5-14, 5-10 and 5-8 and the strongest effect was
observed with 5-14 peptide 36. In addition, study by Haase et al. showed that the expression
of the N-terminal human ELC peptides in transgenic rats positively correlate with
improvements in the intrinsic contractile state of isolated perfused hearts 39. Although the
Δ43 induced changes in myofilament calcium sensitivity and cooperativity measured in Tg-
Δ43 preparations are small, our results are consistent with mechanism #1 suggesting that the
N-terminal ELC extension could exert its action through a cooperative activation of the thin
filament.

Furthermore, lower myofilament sensitivity to calcium could be due to faster kinetics of the
cycling myosin cross-bridges and/or increased calcium dissociation rates from troponin C
(TnC), the major myofilament calcium buffer 40. While the latter was not tested in this
study, our results shown in Figs. 3, 4 and 6 suggest that the Δ43-ELC truncation only
slightly decreased Vmax and the rate of cross-bridge dissociation (g) in Tg-Δ43 cardiac
muscle preparations compared to Tg-WT and NTg controls. Using a transgenic mouse
model similar to ours expressing the N-terminal ELC truncation mutant (ELCΔ5–14), Miller
et al. showed significant kinetic differences in skinned cardiac muscle strips osmotically
compressed to the intact lattice spacing 38. The authors proposed that the deletion of these
N-terminal ELC residues most likely increases the probability of the cross-bridges to
undergo a backwards power stroke suggesting that the role of the N-terminus of ELC is to
inhibit the reversal of the power stroke 38. Strong support for the long ELC mediated
changes in kinetics of cross-bridges comes from the previous in vitro studies on MLC1 or
MLC3 reconstituted skeletal muscle fibers 41; 42; 43. The authors demonstrated that the long
ELC (MLC1) may contribute to a slower shortening velocity suggesting that the removal of
the N-terminal ELC extension would result in a faster cross-bridge kinetics. A recent study
by Andruchov et al. 44 however showed no effect of the MLC1/MLC3 ratio on the kinetics
of force transients. Our data are in line with the latter study 45. Nevertheless, the regulation
of the myosin cross-bridge kinetics by the N-terminal ELC extension in cardiac muscle
contraction is still an open question and perhaps the employment of a single molecule
approach, e.g. in vitro motility assays, would help to determine the effect of the Δ43
mutation in ELC on myosin cross-bridge kinetics. Likewise, a decrease in calcium
sensitivity of force/ATPase caused by a faster release of Ca2+ from TnC could be further
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tested in intact papillary muscle fibers to conclude whether the Δ43 mutation in ELC does or
does not affect the kinetics of calcium release from TnC.

Considering the N-terminal ELC extension as a regulator of the myosin cross-bridge kinetics
is also in line with mechanism #2. One can hypothesize that the N-terminus of ELC
functions as a “tether” between the myosin head and actin thereby restricting (partially
blocking) binding of myosin to actin. The removal of the N-terminal ELC tether (Δ43)
would then lead to faster myosin cross-bridge kinetics. Again, our data at present do not
support the faster kinetics hypothesis but as mentioned above, future experiments with Tg-
Δ43 myocardial preparations performed at the single molecule level may bring a different
perspective to these questions. Following the “tether” hypothesis one can anticipate that the
removal of the tether (interference with binding to actin) would lead to tighter binding of
myosin cross-bridges to actin. The results presented in Fig. 3 demonstrate an age dependent
decrease in Km (higher affinity) of Tg-Δ43 myosin for actin compared to control Tg-WT and
NTg myosins. Myosin from ∼8 month Tg-Δ43 mice had about 40% lower Km but the
differences for both age groups were not statistically significant (Fig. 3). The tether
hypothesis would still allow for the N-terminus of ELC to modulate force generation by
binding to actin and possibly regulating force by increasing the number of force generating
myosin cross-bridges. The work by Miller at al. also suggests that the role for the N-terminal
ELC extension is to inhibit the reversal of the power stroke, thereby increasing the number
of myosin heads in the force-producing and force-maintaining states 38. This mechanism is
also supported by the work of others suggesting that the role of the N-terminus of ELC
might be to tune the myosin motor function 22; 46.

Finally, according to hypothesis #3, the role of the N-terminal ELC extension would be to
support myosin neck region compliance as this region of the myosin head transmits strain
(load) from the thick filament to the active site of the myosin head bound to the actin
filament. Our results are in agreement with this hypothesis. We propose that the genetic
ablation of the N-terminus of ELC most likely leads to alterations in cross-bridge
compliance resulting in a lower force per myosin cross-bridge. Therefore, the short form of
cardiac ELC in the background of the long ELC form is detrimental to cardiac muscle
contraction and results in reduced force per cross-section of muscle most likely through
affecting the force per myosin cross-bridge. Since the skeletal muscle contains the
combination of both ELC forms, one can only speculate that a background of only the long
form of ELC in skeletal muscle would result in more force per cross-bridge. If so, then
perhaps the short form of ELC in the skeletal muscle tunes the force per cross-bridge to the
physiologically optimal level.

Clinical studies have revealed that several mutations in the human ventricular ELC gene
(MYL3) lead to Familial Hyperthrophic Cardiomyopathy (FHC) with phenotypes of
asymmetric left ventricular hypertrophy, mid-cavity obstruction and in restricted ventricular
filling (reviewed in 4). Interestingly, the results from this study show that the hearts of ∼7
month old Tg-Δ43 mice (both females and males) resemble the phenotype of hypertrophic
cardiomyopathy whereas the hearts of young mice (∼2 months of age) from all groups were
similar in size (Fig. 8A). Interestingly, histologic assessments of the hearts from all groups
of mice did not reveal any abnormalities in the ventricular tissues of young or older animals
(Fig. 8B). The MRI experiments show increased interventricular wall thickness
(hypertrophy) in the mutated hearts (Figs. 7A, B) but at the same time no abnormalities in
either ejection fraction or cardiac output in the ∼7 month old Tg-Δ43 mice compared to
controls (Figs. 7C, D). One can conclude that the N-terminal ELC truncation does not result
in a functionally compromised Tg-Δ43 myocardium and that the hearts of Tg-Δ43 mice are
fully capable of adapting to the ELC structural myofilament changes. The lower force in the
mutated myocardium, as explained above, was primarily triggering compensatory growth in
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Tg-Δ43 mice but the change was not of a pathologic nature. The gene expression profile in
Tg-Δ43 mice supports this notion and shows normal expression of the key genes that could
possibly be altered by the Δ43 truncation (Table I). These include sarcomeric mouse cardiac
α-actin, α- and β-myosin heavy chains, ventricular myosin regulatory light chain, fast
skeletal and atrial ELC. No change was also observed in gene expression of the Ca2+-
ATPase protein present in sarcoplasmic reticulum (Table I). Furthermore, expression of the
truncated ELC mutant in the mouse heart did not affect expression of the fast skeletal ELC
in the fast skeletal muscle of Tg-Δ43 mice at either the gene (Table I) or protein (Fig. 2)
levels.

Taken together, we have demonstrated that the partial replacement of the long ventricular
ELC with the short transgenic huELCv-Δ43 results in reduced contractile force in Tg-Δ43
myocardium most likely due to a lower force per myosin cross-bridge and/or lower number
of force generating myosin cross-bridges. To compensate and to meet the hemodynamic
demands, the mutated myocardium increases in size but the hypertrophied hearts do not
manifest pathologic phenotypes and are able to maintain normal cardiac performance. We
conclude that the N-terminus of ELC may modulate force generation in muscle by altering a
cross-bridge mechanics (decreasing myosin neck region compliance, increasing force per
cross-bridge) and/or enhancing myosin attachment to actin and increasing the number of
force generating myosin cross-bridges.

Material and Methods
Generation of transgenic mice

All animal studies were conducted in accordance with institutional guidelines (#A3711-01).
The cDNA clones expressing the wild type human ventricular ELC (NCBI accession #
NP_000249) and the 43 amino acid N-terminal ELC deletion mutant huELCv-Δ43 were
cloned into the unique SalI site of the plasmid, α-myosin heavy-chain clone 26 (a generous
gift from Jeffrey Robbins, Cincinnati Children's Hospital Medical Center, Cincinnati, OH).
The resulting constructs contained about 5.5 kb of the mouse α-myosin heavy-chain
promoter, including the first two exons and part of the third, followed by the WT/Δ43
cDNAs and a 600 bp 3′ untranslated region from the human growth hormone transcript.
Founder mice were bred with B6/SJL mice.

Determination of transgenic ELC protein expression
Protein concentrations from ventricular tissue extracts or myofibrils was determined in 1%
SDS, 10% β-mercaptoethanol, 1 mM EDTA, 1 mM PMSF using Coomassie Plus reagent
(Pierce). Tissues were processed on ice. Proteins were transferred from the gel to
nitrocellulose membrane over 1 hour on ice at a constant voltage of 95 V and 260-500 mA.
Membranes were washed 5 minutes at room temperature in TBS, blocked 1 hour in a 1:1
mixture of TBS/Odyssey blocking buffer. All subsequent washes and antibody incubations
were done in a 1:1 mixture of 0.05% Tween 20-TBS/Odyssey blocking buffer. Specific
detection of ELC proteins was accomplished using 1:2000 mouse monoclonal antibody,
clone H22.1, (Accurate Chemical and Scientific Corporation). Myosin RLC was utilized as a
loading control and visualized with 1:5000 rabbit polyclonal antibody against a C-terminal
RLC peptide, CT-1 developed in this lab 27. Differential detection of primary antibody
bound to ELC and RLC was done by use of affinity purified polyclonal Infrared CY5.5 (700
nm) labeled goat anti mouse IgG H&L, (Rockland Antibodies) and a parallel polyclonal
Infrared IR 800 Red Dye (800 nm), both at 1:4000. Percent ELC transgene expression was
defined as: % protein expression = ELCtransgenic signal / (ELCendogenous signal +
ELCtransgenic signal) × 100.
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Gene expression analysis using real- time PCR
Tissue processing and total RNA isolation—Left ventricles and extensor digitorum
longus (EDL) muscles from ∼3 month old Tg-Δ43, Tg-WT and NTg mice were rapidly
harvested, submerged immediately in 25 volumes of room temperature RNAlater RNA
stabilization reagent (Qiagen) and incubated overnight at 4°C. The samples were stored
frozen at -20°C until used. Total RNA was isolated from RNAlater stabilized tissues using
an RNeasy Fibrous Tissue Mini Kit (Qiagen, Valencia, CA) after being homogenized in a
Mixer-Mill MM301 (Retsch) according to the manufacturer's protocol 26.

Real-time PCR—RNA concentration and integrity was assessed using spectrophotometric
analysis and non-denaturing agarose gel electophoresis prior to cDNA synthesis. 1.5 μg of
total RNA from each sample was converted to double stranded cDNA using Random
Primers and a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and
reverse transcription was performed in an MJ Research PTC-200 according to the
manufacturer's protocols. Reverse transcription reactions were stored at -80°C until needed
for quantitative PCR. Quantitative PCR was conducted using SYBR Green I chemistry with
gene specific Quantitect Primer Sets (Qiagen) for murine: Myl1 (myosin essential light
chain, fast skeletal; NCBI accession # NM_021285), Myl2 (myosin regulatory light chain,
ventricular; NCBI accession # NM_010861), Myl4 (myosin essential light chain, atrial;
NCBI accession # NM_010858), Myh6 (alpha-myosin heavy chain, cardiac; NCBI
accession # NM_010856), Myh7 (beta-myosin heavy chain, cardiac; NCBI accession #
NM_080728), Atp2a2 (Ca2+-ATPase (SERCA2), cardiac; NCBI accession # NM_009722),
Actc1 (alpha-actin, cardiac; NCBI accession # NM_009608), GAPDH (glyceraldehyde-3-
phosphate dehydrogenase; NCBI accession # NM_008084), QuantumRNA 18S Internal
standards (Ambion) and Power Sybr Green PCR Master-Mix (Applied Biosystems) using
the manufacturer's protocol. Following optimization using a Standard Curve (AQ) assay, 50
ng of cDNA was used in a 25 μl PCR reaction containing 12.5 μl of Master Mix, 2.5 μl of
10× Quantitect primers or 0.4 μM final concentration of 4:6 ratio of 18S primer:competimer
and RNAase/DNAase free water. All reactions were performed in duplicates and were run in
an ABI 7900 HT Fast Real-Time PCR System with the following cycle parameters: 1 cycle
of 50°C (2 minutes) followed by 95°C (10 minutes), 40 cycles of 95°C (15 seconds)
followed by 60°C (1 minute). Raw data were analyzed using the Sequence Detection
Software (ABI), and fold change in expression of each gene was calculated using the
relative quantification (RQ) ΔΔCt method with the levels of 18S rRNA as the normalizer
gene.

Isolation and purification of cardiac muscle myosin, actin and cardiac myofibrils
Transgenic cardiac myosin—Cardiac myosin was isolated from mouse hearts from age
matched groups of Tg-Δ43, Tg-WT and NTg, mice according to Szczesna-Cordary et al. 26.
One myosin preparation was obtained from a pool of 5-6 hearts for each group of mice.
Briefly, after euthanasia, whole hearts were isolated and the atria were removed. Left and
right ventricles varying from 0.1-0.2 g were flash frozen and stored at -80°C until processed.
The ventricular tissue was later thawed in an ice cold Guba Straub-type buffer, pH 6.5
consisting of 300 mM NaCl, 100 mM NaH2PO4, 50 mM Na2HPO4, 1mM MgCl2, 10mM
EDTA, 0.1% NaN3, 10 mM Na4P2O7, 1 mM DTT and protease inhibitor cocktail in a
volume of 0.75 ml buffer per 0.2 g tissue. Ventricles kept on ice were first minced by hand
and then homogenized for 2 minutes at a frequency of 30 Hz in a Mixer-Mill MM301
(Retsch). The homogenate was then incubated on ice for 40 minutes before centrifugation at
200,000 × g for 1 hour. The supernatant was then diluted 60-fold (by volume) with 2 mM
DTT and incubated on ice 30 minutes with stirring and left standing without stirring for an
additional 30 minutes. The samples were centrifuged again at 8,000 × g for 10 minutes and
resultant pellets were then re-suspended in a minimal volume of buffer containing 0.4 M
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KCl, 10 mM MOPS, pH 7.0, 5 mM DTT and protease inhibitor cocktail. Samples were then
diluted 1:1 with glycerol mixed gently and stored at -20°C for 2-5 days. For ATPase assays,
myosins were precipitated with 14 volumes of ice cold 2 mM DTT and collected by
centrifugation at 8,000 × g for 10 minutes. The myosin pellets were then resuspended in a
minimal volume of ATPase buffer consisting of 0.4 M KCl, 10 mM MOPS, pH 7.0, and
1mM DTT and dialyzed overnight against the same buffer. The concentration of myosin was
determined using a Coomassie Plus Assay (Pierce) and all myosins were diluted to a
concentration of 2 mg/ml for the assay.

Muscle F-actin—Rabbit skeletal muscle actin was prepared according to Pardee and
Spudich 47 with modifications. Briefly, rabbit skeletal acetone powder was extracted with a
buffer consisting of 2 mM MOPS, pH 8.0, 0.2 mM Na2ATP, 0.5 mM β–mercaptoethanol,
0.2 mM CaCl2, and 0.0005% NaN3 at a ratio of 20 ml/g for 30 minutes with stirring on ice.
The extract was centrifuged at 7,000 × g at 4°C for 1 hour to clarify and the tissue pellet was
discarded. The supernatant was removed and adjusted to a final concentration of 0.05 M
KCl, 2 mM MgCl2, and 1 mM Na2ATP, pH 8.0. The F-actin was allowed to polymerize for
2 hours at 4°C. The KCl concentration was then increased again very slowly to a final
concentration of 0.6 M and the solution was stirred slowly on ice for 30 minutes. The F-
actin was then collected by ultracentrifugation at 107,000 × g at 4°C for 1.5 hours. The
supernatant was discarded and the F-actin pellets were re-dissolved in a buffer consisting of
10 mM MOPS, pH 7.0 and 40 mM KCl.

Isolation and purification of transgenic cardiac myofibrils—Myofibrils (MF) were
prepared from left and right ventricular walls, septa and papillary muscles of transgenic
mice according to Solaro et al. 48. One MF preparation was obtained from a pool of 4-5
hearts from each group of mice. Unless stated otherwise, standard MF buffer containing 30
mM imidazole pH 7.0, 60 mM KCl, 2 mM MgCl2, 1 mM DTT, 1 mM PMSF and protease
inhibitor cocktail was used for MF purification. Briefly, 100-200 μg of ventricular tissue
was minced in 600 μl of 300 mM sucrose and 10 mM imidazole, pH 7, and homogenized in
a Mixer-Mill MM301 (Retsch) for 2 minutes at a frequency of 20 Hz. Samples were then
centrifuged for 1 minute at 1,500 × g and pellets treated with 300 mM sucrose, homogenized
for 30 seconds at 20 Hz and centrifuged. Subsequently, samples were washed with 2 mM
EGTA in standard MF buffer, centrifuged and washed 3 times in standard MF buffer
containing 1% Triton X-100. After each wash with Triton the samples were left on ice for 30
minutes. Then, samples were washed 4 times with MF buffer mixed with glycerol. The first
wash was done in 25% glycerol and the following 3 washes in 50% glycerol. Purified
myofibrils were stored in standard MF buffer and 50% glycerol at -20°C until needed.

Actin-activated myosin ATPase activity
Actin activated myosin ATPase activity was measured as a function of actin concentration
using myosin purified from ∼4 and ∼8 month old Tg-Δ43, Tg-WT and NTg mice. The
ATPase assays were performed with at least 2 myosin preparations, and a pool of 5-6 hearts
from each group of mice were used to yield one myosin preparation. Myosins at a
concentration of 1 μM were titrated (in triplicates onto 96-well microplates) with rabbit
skeletal actin in increasing concentrations of (in μM): 0.1, 3, 6, 9, 12, 15, and 20. ATPases
assays were performed in a 120 μl reaction volume in a buffer consisting of 25 mM
imidazole, pH 7.0, 4 mM MgCl2, 1 mM EGTA, and 1 mM DTT. The final salt KCl
concentration was 0.107 mM. The reactions were initiated with the addition of 2.5 mM ATP
with mixing in a Jitterbug incubator shaker (Boekel) and allowed to proceed for 15 minutes
at 30°C and then terminated by the addition of 5% trichloroacetic acid (TCA). Samples were
then centrifuged at 18,000 × g for 20 minutes and 50 μl of supernatant transferred to a 96-
well microplate for determination of inorganic phosphate (Fiske Subbarow method) 49. Data
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were analyzed using the Michaelis-Menten equation yielding the Vmax and Km parameters
50; 51.

Myofibrillar ATPase activity
Myofibrillar ATPase activity was determined using mouse cardiac myofibrils isolated and
purified from the ventricular tissue of ∼4 month old NTg, Tg-WT, Tg-Δ43 mice. To
determine the ATPase activity at increasing concentrations of myofibrils in ±Ca2+

conditions increasing amounts of myofibrils (5, 10, 15, 20 and 25 μg) were assayed in the
solution of 70 mM KCl, 1 mM MgCl2, 20 mM imidazole, pH 7, 1 mM DTT and 0.5 mM
CaCl2 for +Ca2+ or 1 mM EGTA for -Ca2+ conditions. To determine the ATPase-pCa
relationship, 20 μg myofibrillar samples were suspended in a solution of 20 mM MOPS pH
7.0, 40 mM KCl, 3.5 mM MgCl2, 2 mM EGTA and increasing concentrations of Ca2+ from
pCa 8 to pCa 4.5. The final ionic strength was 73 mM and the free concentration of Mg2+

was 1 mM 25. The assays were performed using 3-4 individual myofibrillar preparations
from all groups of mice. After 5 minutes incubation at 30°C, the ATPase reaction was
initiated with addition of 2.5 mM ATP and terminated after 10 minutes with 5%
trichloroacetic acid (TCA). Released inorganic phosphate was measured according to Fiske
and Subbarow 49. The ATPase-pCa data were analyzed with a Hill equation yielding the
pCa value which gives 50% of the ATPase activity (pCa50) and the Hill coefficient, nH 52.

Papillary muscle fiber studies
Two series of experiments in skinned muscle fibers were performed, one utilizing ∼3 and
the second ∼ 7 month old Tg-Δ43 mice matched by age with Tg-WT and NTg control mice.
Simultaneous ATPase and force measurements were performed using the Guth Muscle
Research System (Scientific Instruments, Heidelberg, Germany), as described in detail in
Szczesna-Cordary et al. 26. The mechanical parts of the apparatus consisted of a force
transducer for measuring force. The optics consisted of a microscope photometer unit for
monitoring emission light from the muscle fiber. The light was focused by an Olympus
Quartz condenser onto the muscle preparation after passing through filters appropriate for
performing [Ca2+] transient and ATPase measurements.

Simultaneous ATPase and force measurements—After euthanasia, the hearts of
mice were excised and strips of mouse papillary muscle fibers (diameter: 60-70 μm) were
dissected in ice-cold relaxing solution (85 mM K+, 2 mM MgATP2-, 1 mM Mg2+, 7 mM
EGTA, pH 7.0 and propionate as the major anion). The fibers were treated with 1% Triton
X-100 for 30 minutes and processed immediately without glycerination 26. The skinned
fiber was then mounted in the Guth apparatus and the sarcomere length adjusted to 2.2 μm
by use of a laser diffraction pattern. The cross-sectional area was calculated based on
measurement of the fiber width by microscope and the assumption that the fiber is circular
in diameter. The ATPase rate was measured using the NADH fluorescence method 53 as
described earlier 26. The fiber was subjected to an increasing Ca2+ gradient assessed by
mixing the relaxing (pCa 9) and contracting (pCa 3.4) solutions. Both solutions contained:
85 mM K+, 2 mM MgATP2-, 1 mM Mg2+, 7 mM EGTA, 5 mM PEP, 100 units/ml PK, 0.4
mM NADH, 140 U/ml LDH, ionic strength 150 mM, pH 7.0 and propionate as the major
anion. Fresh, unoxidized NADH solution was introduced into the cuvette every 20 seconds.
The decrease in NADH concentration was determined by a decrease in the fluorescence
signal detected at 450 nm. The slope of the linear decrease in NADH concentration was used
to calculate the ATPase rate. The Ca2+ concentration gradient was calibrated by use of the
fluorescent Ca2+ indicator calcium green-2 (Molecular Probes) 54. Force development was
monitored simultaneously with ATPase measurements utilizing the force transducer of the
Guth apparatus. The ratio of ATPase/force expresses the energy cost per unit of isometric
force.
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Magnetic Resonance Imaging
In vivo cardiac MRI (magnetic resonance imaging) datasets were collected on a 4.7-Tesla
(200 MHz) 40-cm bore magnet interfaced with a Bruker Avance™ console using an actively
shielded gradient set with an inner diameter of 120-mm and a maximum gradient strength of
400 mT/m (MRI Core Facility, University of Miami, Miller School of Medicine, Miami FL).
About 7 month old male and female mice from all experimental groups were used for
imaging. After induction the subject was placed in an MRI compatible cradle equipped with
a nose cone to deliver gaseous anesthesia, head restraints to reduce motion, a respiratory
sensor, an ECG sensor and a body temperature regulating system. For anesthesia
approximately 0.8% to 1.5% isoflurane with 0.8 l/minute of nitrous oxide and 0.4 l/minute
oxygen was used. The concentration of isoflurane was adjusted to maintain a respiratory rate
of approximately 125 breaths per minute. Following subject placement in an MRI
compatible cradle a quadrature saddle surface RF coil with an inner diameter of 30 mm was
attached to the thorax for transmission and reception of NMR signal. Pilot images were
acquired in both transverse and coronal planes to ensure proper slice positioning. Short-axis
slices were prescribed based on these pilot images and were positioned perpendicular to the
interventricular septum. Typically, 8, 9 or 10 slices were collected to achieve complete heart
coverage. MRI acquisitions employed an electrocardiogram (ECG) triggered Fast Low
Angle SHot (FLASH) gradient echo cine sequence. The following parameters were used:
echo time of 1.3 ms, a time of repetition of approximately 10 ms; a field of view of 1.5 cm
by 1.5 cm; a matrix size of 100 × 100; an in-plane resolution of 150 μm by 150 μm; and a
slice thickness of 1.0 mm. Thirteen frames per cardiac cycle were collected using a Time of
Repetition (TR) period that varied to ensure that all thirteen frames were contained within
one cardiac cycle. A heart rate of 360 to 500 beats per minute was typically achieved which
gave a range of TR times of 9.23 ms to 10.25 ms. Image analysis was performed off-line by
3 independent investigators using two different methods: 1) The freely available Segment v1
software (http://segment.heiberg.se) 55; 56, and 2) The Paravision™ software package
(Bruker, Biospin), employing semiautomatic and manual routines to derive the endocardial
borders. Determination of the left ventricular volumes in diastole (end-diastolic volume,
EDV) and systole (end-systolic volume, ESV) were assessed by manual delineation of
endocardial borders in the left ventricle of the heart at the end-diastole (when the heart is the
biggest) and end-systole (when the heart is the smallest), which demonstrated a higher
reliability than the semi-automatic methodology. Total ventricular volumes were calculated
according to Simpson's rule in short-axis views 35. Determination of inner wall thickness in
systole and diastole was performed on three short-axis slices for each heart and three
measurements of interventricular septal wall thickenss were performed for each slice.

Histopathology
After euthanasia, the hearts from ∼2 and ∼7 month old Tg-Δ43, Tg-WT and NTg mice were
excised, weighed and immersed in 10% buffered formalin. Pictures of whole hearts were
taken using a Stereoscope Discovery.V12 Zeiss and 0.63×/5× PlanApo S objective and
AxioCam HRc (Zeiss). Slides of whole mouse hearts were prepared by American Histolabs,
Inc. (Gaithersburg, MD). The paraffin embedded longitudinal sections of whole mouse
hearts stained with hematoxylin and eosin (H&E) and Masson's trichrome were examined
for overall morphology and fibrosis using a Dialux 20 microscope, 40×/0.65 Leitz Wetzlar
objective and AxioCam HRc (Zeiss).

Statistical Analysis
Data are expressed as the average of n experiments ± SE (standard error). For MRI
experiments due to a relatively low number of available animals the error bars represent
standard deviation (SD). Statistically significant differences were determined utilizing an
unpaired Student's t-test with significance defined as p< 0.05 (Sigma Plot 11).
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Figure 1.
Sequence comparison of muscle myosin ELC isoforms. (A) Sequence overlap of the murine
(mu) fast skeletal ELC isoforms, mu skMLC1 (NCBI # NP_067260) and mu skMLC3
(NCBI # NP_001106858). The amino acid sequence of mu skMLC3 is 38 amino acid
residues shorter than that of mu skMLC1. (B) Sequence comparison of cardiac ELC
isoforms: murine atrial ELC (muELCa, NCBI # NP_034988), murine ventricular ELC
(muELCv, NCBI # P09542), human (hu) ventricular ELC (huELCv, NCBI # P08590)
expressed in mice in this study (Tg-WT) and its 43 amino acid N-terminal truncation
mutant, Tg-Δ43.
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Figure 2.
(A) Human ventricular ELC (huELCv) expression in Tg-WT mice. Lanes 1 and 2, NTg LV
samples; lanes 3 and 4, expression in Tg-WT L3 determined in LV extracts (36.4±1.0, n=13)
and in myofibrils (36.4±1.8, n=14); lanes 5 and 6, Tg-WT L4 - LV (36.4±1.0, n=13), MF
(36.4±1.8, n=14); lanes 7 and 8, Tg-WT L1 - LV (77.5±1.5, n=8), MF (74.8±1.8, n=8); lane
9, WTprotein standard; lane 10, NTg MF. (B) Expression of human ventricular Δ43 mutant in
Tg-Δ43 mouse hearts. Lane 1, NTg sample; lane 2, Δ43protein standard; lanes 3 and 4,
expression in Tg-Δ43 L7 determined in LV extracts (12.2±2.3, n=10) and in MF (12.2±2.5,
n=9); lanes 5 and 6, Tg-Δ43 L5 - LV (29.8±0.9, n=10), MF (37.7±0.8, n=6); lanes 7 and 8,
Tg-Δ43 L9 - LV (34.6±1.9, n=14), MF (39.1±1.6, n=12); lanes 9 and 10, Tg-Δ43 L8 - LV
(37.2±1.5, n=13), MF (40.1±1.4, n=8); (C) Fast skeletal MLC1 and MLC3 expression in
extensor digitorum longus (EDL) muscle from Tg-Δ43 and Tg-WT mice compared to NTg
mice. Abbreviations: LV, left ventricular extracts; MF, myofibrils; NTg, non-transgenic; Tg-
WT, transgenic wild type; Tg-Δ43, transgenic mutant; L, mouse line; huELCv, human
ventricular ELC protein = (wild-type) WTprotein; Δ43protein, mutant protein standard;
muELCv, mouse ventricular ELC; RLCv mouse ventricular RLC; RLCslow, mouse slow
skeletal RLC; RLCfast, mouse fast skeletal RLC; mu skMLC1, mouse skeletal long ELC; mu
skMLC3, mouse skeletal short ELC (Δ43-like).
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Figure 3.
Actin activated myosin ATPase activity performed on purified myosin from ∼4 month old
(A) or ∼8 month old (B) NTg, Tg-WT and Tg-Δ43 mice. The data points are the average of
n=4 individual experiments ± SE. Data were analyzed using the Michaelis-Menten equation
(Sigma Plot 11).
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Figure 4.
Myofibrillar ATPase activity of myosin isolated and purified from the ventricular tissue
(ventricles and inter-ventricular septum) from NTg, Tg-WT and Tg-Δ43 mice. (A) The
myofibrillar ATPase activity plotted as a function of increasing concentrations of myofibrils
and ±Ca2+. (B) The Ca2+ sensitivity of myofibrillar ATPase activity in NTg, Tg-WT and
Tg-Δ43 myofibrils.
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Figure 5.
The effect of aging on the thick filament protein content in Tg-Δ43 compared to control Tg-
WT mice. Representative Western blots of papillary muscle samples from Tg-Δ43 (A) and
Tg-WT (B) mice. 3, 7, 13 and 20 μg of papillary muscle samples from 5 or 12 month old
animals were loaded on SDS-PAGE and blotted with monoclonal antibody, clone H22.1 for
ELC detection while RLC content was assessed with CT-1 antibodies (as described in
Materials and Methods). Total troponin I (TnI) was detected with the 6F9 antibody
(Research Diagnostics Inc.). Band intensities were plotted as a function of sample load and
the ratios of ELCtotal/TnI and RLCtotal/TnI were determined in five independent
experiments. Abbreviations as in Fig. 2.
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Figure 6.
Functional measurements in freshly skinned papillary muscle fibers from ∼ 3 (A, C) and ∼ 7
(B, D) month old Tg-Δ43, Tg-WT and NTg mice. (A, B) The rate of dissociation of force
generating myosin cross-bridges, g (in s-1). The color lines in Fig. 6B demonstrate the
hypothetical g assuming 10% (green), 20% (blue) and 30% (red) decreased cross-bridge
(S1) concentration. (C, D) The energy cost, ATPase/force (in 10-11 s-1 N-1 moles). Data are
the average of n (as depicted in Table II) individual fibers ± SE.
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Figure 7.
The MRI study of Tg-Δ43, Tg-WT and NTg mice. (A, B) Inner wall thickness in systole and
in diastole. Three hearts from Tg-Δ43 mice and four from control WT and NTg mice were
examined. Three slices from each heart were subjected to interventricular septal thickenss
measurements and three measurements per slice were made. Bar graphs represent the
average ± SD. (C, D) The effect of the Δ43 truncation in myosin ELC on ejection fraction
(%) and cardiac output (ml/minute) in Tg-Δ43 mice compared to Tg-WT and NTg mice. Bar
graphs represent the mean values derived for three Tg-Δ43 mice and four control WT and
NTg mice ± SD. (E) Representative images of the mutant (upper panel) vs. control (bottom
panel) mouse hearts at the end-diastole (left panel) and end-systole (right panel).
Abbreviations: LV –left ventricle, Tg-Δ43 F 9-51 – mutant female mouse L9-51, NTg F
4-83 non-transgenic female mouse L4-83.
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Figure 8.
Gross morphology (A) and histological (B) assessments of the hearts from ∼2 and ∼7 month
old NTg, Tg-WT and Tg-Δ43 mice. Note, that the hearts of ∼7 month old Tg-Δ43 mice are
larger than those of ∼7 month old Tg-WT and NTg mice. The hearts shown in (A) are from
the mice examined by MRI. (B) Hematoxylin and eosin (H&E) and Masson's trichrome
stained longitudinal sections from the left ventricles of the hearts shown in (A). The scale
bar, 100 μm.

Kazmierczak et al. Page 29

J Mol Biol. Author manuscript; available in PMC 2011 March 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kazmierczak et al. Page 30

Ta
bl

e 
I

G
en

e 
ex

pr
es

si
on

 p
ro

fil
e 

in
 th

e 
le

ft 
ve

nt
ric

ul
ar

 ti
ss

ue
 a

nd
 E

D
L 

m
us

cl
e 

fr
om

 ∼
3 

m
on

th
 o

ld
 T

g-
Δ4

3 
an

d 
Tg

-W
T 

co
m

pa
re

d 
w

ith
 N

Tg
 m

ic
e.

G
en

e 
(p

ro
te

in
)

T
g-
Δ4

3
T

g-
W

T
N

T
g

FC
P-

va
lu

e
FC

P-
va

lu
e

FC

M
yl

4 
(E

LC
 a

tri
al

) /
 L

V
-2

.8
5

0.
22

8
3.

16
0.

39
4

1

M
yh

6 
(α

-M
H

C
) /

 L
V

-1
.8

3
0.

23
9

-1
.2

2
0.

74
0

1

M
yh

7 
(β

-M
H

C
) /

 L
V

-2
.4

0
0.

23
9

-2
.4

8
0.

09
4

1

A
ct

c1
 (α

-a
ct

in
) /

 L
V

-1
.5

3
0.

00
8

-1
.3

4
0.

45
2

1

A
tp

2a
2 

(S
ER

C
A

2)
 / 

LV
-2

.2
9

0.
07

7
-1

.5
1

0.
37

7
1

G
A

PD
H

 (G
A

PD
H

) /
 L

V
-2

.4
0

0.
28

5
-2

.4
8

0.
91

0
1

M
yl

1 
(E

LC
 fa

st
 sk

el
et

al
) /

 L
V

1.
29

0.
86

4
2.

65
0.

59
7

1

M
yl

1 
(E

LC
 fa

st
 sk

el
et

al
) /

 E
D

L
-1

.1
9

0.
48

5
-1

.6
8

0.
15

4
1

A
bb

re
vi

at
io

ns
: L

V
 –

 m
ou

se
 le

ft 
ve

nt
ric

ul
ar

 ti
ss

ue
, E

D
L 

– 
m

ou
se

 e
xt

en
so

r d
ig

ito
ru

m
 lo

ng
us

 m
us

cl
e,

 M
H

C
 –

 m
yo

si
n 

he
av

y 
ch

ai
n,

 F
C

 –
 fo

ld
 c

ha
ng

e.

J Mol Biol. Author manuscript; available in PMC 2011 March 31.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kazmierczak et al. Page 31

Ta
bl

e 
II

Fu
nc

tio
na

l s
tu

di
es

 in
 sk

in
ne

d 
pa

pi
lla

ry
 m

us
cl

e 
fib

er
s f

ro
m

 T
g-
Δ4

3,
 T

g-
W

T 
an

d 
N

Tg
 m

ic
e.

Sk
in

ne
d 

M
us

cl
e 

Fi
be

r 
M

ea
su

re
m

en
ts

∼
3 

m
on

th
 o

ld
 m

ic
e

∼
7 

m
on

th
 o

ld
 m

ic
e

T
g-
Δ4

3
T

g-
W

T
N

T
g

T
g-
Δ4

3
T

g-
W

T
N

T
g

M
ax

 F
or

ce
 (k

N
/m

2 )
60

.8
±1

.5
78

.6
±2

.2
71

.9
±2

.2
38

.1
±1

.6
80

.9
±3

.0
67

.8
±1

.8

pC
a 5

0
5.

05
±0

.0
2

5.
11

±0
.0

1
5.

12
±0

.0
1

5.
05

±0
.0

1
5.

06
±0

.0
2

5.
08

±0
.0

1

n H
2.

60
±0

.1
5

2.
74

±0
.2

6
3.

10
±0

.1
4

2.
63

±0
.0

9
2.

74
±0

.2
0

3.
08

±0
.1

3

fX
B

 (m
ax

C
a2+

)
0.

69
9±

0.
00

7
0.

70
6±

0.
01

0
0.

70
1±

0.
00

7
0.

59
4±

0.
00

8
0.

69
0±

0.
00

6
0.

70
0±

0.
00

7

n
17

12
11

14
19

16

A
bb

re
vi

at
io

ns
: X

B
- c

ro
ss

-b
rid

ge
, f

X
B

 (m
ax

C
a2

+ )
 –

 F
ra

ct
io

na
l (

f)
 c

ro
ss

-b
rid

ge
 a

tta
ch

m
en

t a
t m

ax
im

al
 c

al
ci

um
 a

ct
iv

at
io

n,
 n

H
 –

 H
ill

 c
oe

ff
ic

ie
nt

, n
- n

um
be

r o
f i

nd
iv

id
ua

l f
ib

er
s t

es
te

d.
 O

ne
 h

ea
rt 

yi
el

de
d 

3-
5

in
di

vi
du

al
 p

ap
ill

ar
y 

m
us

cl
e 

fib
er

s.

J Mol Biol. Author manuscript; available in PMC 2011 March 31.


