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Abstract

We measured myosin crossbridge detachment rate and the rates of MgADP release and MgATP
binding in mouse and rat myocardial strips bearing one of the two cardiac myosin heavy chain
(MyHC) isoforms. Mice and rats were fed an iodine-deficient, propylthiouracil diet resulting in
~100% expression of B-MyHC in the ventricles. Ventricles of control animals expressed ~100%
a-MyHC. Chemically-skinned myocardial strips prepared from papillary muscle were subjected to
sinusoidal length perturbation analysis at maximum calcium activation pCa 4.8 and 17°C.
Frequency characteristics of myocardial viscoelasticity were used to calculate crossbridge
detachment rate over 0.01 to 5 mM [MgATP]. The rate of MgADP release, equivalent to the
asymptotic value of crossbridge detachment rate at high MgATP, was highest in mouse a-MyHC
(111.426.2 s71) followed by rat a-MyHC (65.0+7.3 s71), mouse B-MyHC (24.3+1.8 s71) and rat
B-MyHC (15.5+0.8 s71). The rate of MgATP binding was highest in mouse a-MyHC (325+32
mM~1.s71) then mouse B-MyHC (152+23 mM~1.s71), rat a-MyHC (108+10 mM~1.s71) and rat -
MyHC (556 mM~1.s71). Because the events of MgADP release and MgATP binding occur in a
post power-stroke state of the myosin crossbridge, we infer that MgATP release and MgATP
binding must be regulated by isoform- and species-specific structural differences located outside
the nucleotide binding pocket, which is identical in sequence for these four myosins. We postulate
that differences in the stiffness profile of the entire myosin molecule, including the thick filament
and the myosin-actin interface, are primarily responsible for determining the strain on the
nucleotide binding pocket and the subsequent differences in the rates of nucleotide release and
binding observed among the four myosins examined here.
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1. INTRODUCTION

Relative expression of the two cardiac myosin heavy chain (MyHC) isoforms, a- and -
MyHC, in the adult mammalian ventricles is closely related to species, heart rate and heart
size [1]. Ventricles of mice, rats and other rodents predominately express a-MyHC, while
ventricles of rabbits and larger animals predominately express -MyHC [1, 2]. Chemically-
skinned myocardium containing mainly the a-MyHC isoform demonstrates higher ATPase
rate, faster velocity of sarcomere shortening, higher power production and greater rate of
force redevelopment after a quick stretch than myocardium containing mainly p-MyHC [3-
14]. At the molecular level, isolated a-MyHC is characterized by a higher ATPase rate,
faster velocity of actin motility and shorter crossbridge lifetime compared to -MyHC of the
same species [2, 8, 9, 15-21], yet the two cardiac isoforms demonstrate a similar unitary
force and lever arm displacement [18, 20]. Differences in ATPase rate and crossbridge
lifetimes, which are detected or inferred from assays using isolated myosin, appear to
underlie the distinct differences in energy consumption and mechanical performance at the
level of the organized sarcomere [17, 22-24].

Significant progress has been made in elucidating structural differences that further
distinguish the two cardiac isoforms [8, 25]. However, thus far there is no definitive
understanding of the structural bases of cardiac myosin function [8]. To emphasize the
difficulty of this problem, consider that there is a very high degree of MyHC isoform
homology (>99%) between species (including isoforms of skeletal muscle), yet any given
isoform from a small species consistently demonstrates faster crossbridge kinetics compared
to the same isoform of a larger species [2, 26-28]. While differences in myosin kinetics
observed with isolated myosin may be reasonably considered to be due to myosin amino
acid sequence alone, it is not known to what degree the intact sarcomere contributes to
isoform-specific and species-specific differences in myosin kinetics. We hypothesized that
the constituent proteins and organizational structure of the intact cardiac sarcomere
influence ensemble myosin crossbridge kinetics in a manner that would more accurately
represent the physiologically relevant kinetic differences due to isoform and species not
observable with isolated myosin.

Myosin crossbridge formation underlies in large part the frequency dependent viscoelastic
characteristics of vertebrate muscle preparations that preserve myofilament lattice structure
[29-34]. The interpretation of viscoelastic characteristics in terms of myosin crossbridge
kinetics, however, has not been universal. Kawai and others have utilized a model of strain-
dependent myosin crossbridge recruitment that relies upon known biochemistry of the
crossbridge cycle [31, 32, 34]. This model does not consider that the deformation of strongly
bound myosin crossbridges during length perturbation could significantly contribute to the
recorded viscoelasticity. Ter Keurs and colleagues have developed a more extensive model
to include calcium activation of the thin filament and passive viscoelasticity [30, 33].
Campbell and colleagues have modeled elastic force due to crossbridge deformation as a
contributor to muscle viscoelasticity and have demonstrated that viscoelastic characteristics
at the highest frequencies are predominately due to this distortion component [29, 35]. We
have produced an explicit model of the mechanical consequences of myaosin crossbridges
undergoing strain during length perturbation and have demonstrated that the mean myosin
crossbridge lifetime can be deduced from analysis of the highest frequencies of the
viscoelastic properties of striated muscle [36].
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Based on our ability to estimate the mean myosin crossbridge lifetime (ty,) at the level of the
skinned myocardial strip [36], we investigated differences in MgATP-dependent myosin
kinetics and myocardial mechanical performance due to the two cardiac isoforms in mice
and rats. We present here the MgATP-dependence of the myosin crossbridge typ in
myocardial strips containing predominately a-MyHC or -MyHC. We found that at
saturating MgATP typ is shortest, and therefore MgADP release rate is fastest, for mouse a-
MyHC followed by rat a-MyHC, mouse B-MyHC and rat B-MyHC. Our findings for
MgADP release rate qualitatively corroborate findings based on laser trap experiments and
in vitro motility assays, which suggest a shorter ty, for a-MyHC compared with -MyHC
[18]. We report, however, a four-fold difference in crossbridge detachment rate and tqp
between the isoforms compared to the two-fold difference most often reported for isolated
myosin [2, 18, 19]. Our findings suggest that myosin kinetics depend significantly on the
presence of an intact myofilament lattice structure and the mechanical stresses borne by the
S1 head therein.

2. METHODS
2.1 Animal Models

All procedures were reviewed and approved by the Institutional Animal Care and Use
Committee of The University of Vermont College of Medicine and complied with the Guide
for the Use and Care of Laboratory Animals published by the National Institutes of Health.
Male mice of 129/SvEv strain (SVEV) were purchased from Taconic Farms (Germantown,
NY). Male Wistar-Kyoto rats (WKY) were obtained from Harlan Sprague-Dawley
(Indianapolis, IN). Half of these animals were fed an iodine-deficient 0.15%
propylthiouracil (PTU) diet (Harlan Teklan, Indianapolis, IN) for at least 10 weeks, resulting
in hypothyroidism and a complete shift to p-MyHC expressed in the LV. Control SvEv
mice, which normally express a-MyHC in the LV, were untreated. Control WKY rats were
injected with 6 mg/kg L-thyroxine (T-2501, Sigma Aldrich) daily for 7 days, which induced
hyperthyroidism and up-regulation of a-MyHC. Transgenic mice overexpressing B-MyHC
in the FVB strain background (FVBgrg) were provided by Dr. Jeffrey Robbins at the
University of Cincinnati Children’s Hospital [8].

2.2 Myosin Isoform and Protein Phosphorylation

Myosin isoform content in the LV was determined by the method of Reiser and Kline [37]
with the use of Fluormax-2 Imaging analysis (Bio-Rad, Hercules CA). Relative isoform
content was quantified by densitometry using ImageJ v1.38 (National Institutes of Health,
USA). Protein phosphorylation stain (Pro-Q diamond, Invitrogen) and Western blots for
myosin regulatory light chain (MLC2) content (cat. ab92721, Abcam, San Francisco, CA),
MLC?2 phosphorylation at Serine-19 (cat. ab2480, Abcam), cardiac troponin-I
phosphorylation (cTnl) at Serines-23,24 (cat. #4404, Cell Signaling) were performed using
tissue homogenates prepared in (mmol/L) 300 KCl, 25 Imidazole, 5 MgCl,, 2 EGTA, 10
DTT and pH 7.4. A myofilament fraction was then extracted by centrifugation or using
chemically skinned myocardial strips described below.

2.3 Solutions for Skinned Strips

Chemicals and reagents were obtained from Sigma Aldrich (St. Louis, MO) and
concentrations are given in mM unless otherwise noted. Relaxing solution: pCa 8.0, 5
EGTA, 5 MgATP, 1 Mg2*, 35 phosphocreatine (PCr), 300 U/mL creatine kinase (CK), ionic
strength 200, pH 7.0. Activation solution: same as relaxing with pCa 4.0. Rigor solution:
same as relaxing with pCa 4.8 and no MgATP, PCr and CK. Skinning solution: same as
relaxing with 30 2,3-butanedione monoxime (BDM), 1% Triton-X100 wt/vol and
subsequently 50% glycerol wt/vol. Storage solution: same as relaxing with 30 BDM, 10 p.g/
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mL leupeptin and 50% glycerol wt/vol. Alkaline phosphatase bathing solution consisted of
relaxing solution with 6 U/mL recombinant alkaline phosphatase (P-4252, Sigma Aldrich).

2.4 Skinned Myocardial Strips

Skinned myocardial strips were studied as previously described [36, 38]. Immediately before
mechanical analysis, strips underwent 20 min incubation in 6 U/mL alkaline phosphatase at
room temperature. Strip were then mounted between a piezoelectric motor and a strain
gauge, lowered into a 30 L droplet of relaxing solution (pCa 8.0) maintained at 17°C, and
incrementally stretched to 2.2 um sarcomere length measured by digital Fourier Transform.
Strips were calcium activated from pCa 8.0 to pCa 4.8, and various MgATP concentrations
were applied at pCa 4.8 by adding rigor solution.

Recorded forces were normalized to cross-sectional area to provide isometric tension (T).
Individual recordings of T minus relaxed tension (T i) Were normalized to maximum
tension (Tmax) Minus Tpin and fit to the Hill equation:

Hill Hill Hill .
i n +[Caz+]n ! ), (Equation 1)

(T=Tumin)/(Tmax—Tmin)=[Ca** 1" /([Ca** 150

where [Ca%*]5q = calcium concentration at half activation, and ny;j, = Hill coefficient using
a nonlinear least squares algorithm. We also report pCasg = —log [Ca%*]so.

2.5 Sinusoidal Length Perturbation Analysis

Sinusoidal length perturbations of amplitude 0.125% strip length were applied at 0.125-100
Hz as previously described [36, 38]. The elastic and viscous moduli, £(w) and Nw),
respectively, were measured from the in-phase and out-of-phase portions of the tension
response to length perturbation. A complex modulus, Y{w), was defined as Aw) + /A w),
where 7= v-1. The fitting of the frequency dependence of the complex moduli to a
mathematical model (Equation 2) provided estimates of six model parameters (A, &, B, 2rb,
C, 21c), and myosin ty, as was calculated as (2rtc)~1 [36]. Refer to Supplemental Material
for further explanation and interpretation of the other parameters.

Y(w)=A( k—B( fw )+c( w ) i
(@)=AG) =B\ o) T Sreriey ) EOU2tIon2)

2.6 Myosin Enzyme Kinetics

We assume the total myosin crossbridge lifetime, to, is represented adequately as the sum
of two time periods: time to release ADP, t_app, and time to bind ATP, tya7p after
Warshaw and colleagues [18, 24]. Noting the myosin crossbridge detachment rate, 2r¢, is
the reciprocal of the mean ty, and the two intermediate time periods can be represented as
the reciprocals of the respective rate constants, we can represent the dependence of the
myosin crossbridge detachment rate in terms of MgATP concentration ((MgATP]) as
follows:

k—ADP [MgATP]
(k_ypp /Ky pyp )+ MGATP] ’

2me= (Equation 3)

where k_app = rate of ADP release and also the asymptotically maximum myosin
crossbridge detachment rate (s1), kyaTp = rate of MgATP binding per [MgATP] (M~1.s71),
and the ratio (k-app/K+aTp) = concentration of MgATP producing half the maximum
detachment rate ([MgATP]sq).

J Mol Cell Cardiol. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Wang et al. Page 5

2.7 Analysis

At least two skinned strips were examined per condition per animal. Multiple measurements
from the same heart were averaged to provide a single measure for that heart. All data are
presented as mean + SEM, and n refers to number of hearts. Statistical significance is
reported at A<0.05 and A<0.01. Trends at /~<0.1 are also reported if in support of similarly
statistically significant parameters. Student’s t-test was used to compare values between
groups defined by myosin isoform (e.g., a-MyHC vs. B-MyHC). Two-way analysis of
variance was used to test for differential effects of alkaline phosphatase between groups on
parameters of tension-pCa relationships.

3. RESULTS

3.1 Animal Characteristics

Hypothyroidism resulted in the complete replacement of a-MyHC with B-MyHC in the LV
of both mice and rats (Figure 1). Euthyroid mice and hyperthyroid rats exhibited ~100%
expression of a-MyHC. The FVBgrg mice expressed ~70% B-MyHC by densitometry
(69.6£1.4%) consistent with previous findings [8].

3.2 Tension-pCa relationship

Figure 2 illustrates the tension-pCa relationships for SVEv and SvEvpT mouse myocardial
strips with and without AP treatment. Without AP treatment, strips from SvEvpTy mice
were less sensitive to calcium activation as indicated by a rightward shift in the tension-pCa
relationship for SVEvpTy strips relative to SVEv controls (Figure 2A). A similar reduction in
thin filament calcium sensitivity after PTU treatment has been reported previously [22],
although no shift in calcium sensitivity has also been reported [6, 9]. With AP treatment, the
tension-pCa relationships were similar between the PTU-fed mice and euthyroid controls
(Figure 2B).

Effects of AP treatment on myofilament protein phosphorylation were too subtle or site-
specific to be detected by Pro-Q diamond stain (See Supplemental Material), yet AP
treatment reduced the phosphorylation content of cTnl at Serines-23,24 and MLC2 at
Serine-19 (Figures 2C and 2D). The phosphorylation status of other proteins, such as
troponin-T, myosin binding protein-C and titin, and other sites on cTnl were also likely
affected by AP treatment, but not investigated here.

The differential effects of AP treatment on mechanical properties of the mouse groups were
demonstrated through analysis of variance (Table 1). AP treatment significantly lowered
relaxed tension, Tyin, in both SvEv and SvEvpTy groups as indicated by a significant AP
main effect. AP treatment also enhanced the developed tension in SvEvpTy but not in the
SvEv, as indicated by the significant PTUxAP interaction for Tge,; in other words, only
after AP treatment was Tqe, higher in the SvEvpty compared to SvEv. Thin filament
calcium sensitivity measured as 50% calcium activation in both absolute or logarithmic
terms was significantly lower in SvEvpty compared to SvEv controls without AP treatment.
With AP treatment, however, differences in thin filament calcium sensitivity were abolished
(Table 1).

These results suggest that at least some of the differential functional effects of
hypothyroidism related to myofilament protein phosphorylation status, most notably that of
the cTnl (Figure 2C), were ameliorated by AP treatment. For the remainder of this study,
comparisons of the functional and kinetic characteristics between a-MyHC and p-MyHC
were performed with strips having undergone AP treatment to better control for any
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differences in site-specific phosphorylation profiles that may have arisen from manipulation
of thyroid hormone.

3.3 Complex Modulus

Sinusoidal length perturbation analysis was used to examine the effects of mouse cardiac
myosin isoform on myofilament viscoelastic properties and the mean myosin crossbridge
lifetime. The elastic and viscous moduli were examined at relaxed and maximum calcium
activated conditions and over several concentrations of MgATP in the range 0.01-5 mM.
The elastic and viscous moduli measured under relaxed conditions were subtracted from
those measured under activated conditions to focus the analyses on crossbridge-dependent
viscoelasticity and the underlying myosin kinetics.

At saturating 5 mM MgATP and at frequencies roughly between 2-10 Hz, the elastic and
viscous moduli of the WKY py strips containing B-MyHC were significantly higher in
magnitude than those of the WKY containing a-MyHC (Figure 4A). These differences arise
from the higher magnitude and lower frequency characteristics associated with the p-MyHC
in the WKY p1y compared to a-MyHC in the WKY. Our findings for these moduli are
qualitatively similar to those reported previously for rat myocardium [29, 39]. Figure 4B
illustrates an even stronger distinction in the magnitudes and frequency characteristics of the
elastic and viscous moduli between p-MyHC and a-MyHC in mouse myocardium.

As MgATP concentration was lowered, moduli for both a- and B-MyHC exhibited lower
frequency characteristics compared to moduli at 5 mM MgATP (Figures 4C and 4D). This
shift to lower frequencies reflects the longer myosin crossbridge rigor state due to the
relative scarcity of MgATP. The complex moduli at each MgATP concentration were fit
with Equation 3, and the resultant model parameters are provided in the Supplemental
Material. The results for MgATP dependency of the myosin crossbridge detachment rate,
2, and its reciprocal, to,, are presented below.

3.4 Rates of MgADP Release and MgATP Binding

Values for the kinetic model parameters of Equation 3 are presented in Table 2. The
asymptotic maximum myosin detachment rate, k_app, in the WKY pyy was just 20-25%
that in the WKY (illustrated in Figure 4A), indicating that rat a-MyHC detachment rate was
at least four times faster than that of rat p-MyHC. The maximum myosin detachment rate in
the mouse a-MyHC (SvEv) was also at least four times faster than that of mouse p-MyHC
(SvEvpTy) (Figure 4B). These results in the intact myofilament lattice suggest a much
higher MgADP release rate in a-MyHC compared to B-MyHC in both species than would
have been expected from assays using isolated myosin, which exhibit a two-fold difference
[2, 8, 15, 19, 21].

To remove any possible effects of hypothyroidism on myocardial tissue and sarcomeric
structure, we examined MgATP dependency of myosin detachment rate using a transgenic
mouse expressing ~70% B-MyHC, which preserves normal tissue and sarcomeric structure
[8]. Values for k_app and ki a7p for a-MyHC in the FVB strain were remarkably similar to
those for a-MyHC in the SVEV strain (Table 2). Values for these parameters in the FVBgrg
expressing 70% B-MyHC fell between those values measured for 100% a-MyHC and 100%
B-MyHC in the SvEv strain and tended to be closer to those for B-MyHC. While we are
aware that the FVBgrg sarcomere incorporates roughly 49% B/B-homodimers, 9% a/a.-
homodimers and 42% a/p-heterodimers, each with kinetics that likely differ [40], we
assumed a linear combination to predict values for k_app and kyatp for 100% p-MyHC
based on measurements in the FVBgtg and FVB. With an assumption that 70% of the value
is due to B-MyHC and 30% due to a-MyHC in the FVBgrg, the predicted value for k-app
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for 100%p-MyHC was at least four-fold lower than that for 100% a-MyHC (Table 2). The
predicted value for kya1p for 100%p-MyHC was about half that for 100% a-MyHC. These
results for FVBgrg suggest that the myosin isoform and its relative content were the most
significant determinants of MgATP-dependent myosin crossbridge detachment rate
observed here using myocardial viscoelasticity.

The MgATP binding rate per [MgATP], kyaTp, in the a-MyHC was at least double that of
B-MyHC in both species, although lower in the rat compared to mouse (Table 2). While a-
MyHC demonstrated a higher MgATP binding rate compared to B-MyHC, -MyHC
requires less MgATP to achieve its maximum detachment rate, as reflected in the lower
MgATPsgq for a-MyHC compared to p-MyHC in both species.

4. DISCUSSION

4.1 Isoform- and Species-Dependent Kinetics

Differences in mechanical performance between a-MyHC and B-MyHC have previously
been examined using skinned myocardium of mice and rats [3-13] or isolated molecules
from mice, rabbits and humans [2, 15, 18, 20, 21, 24]. In all these studies, a-MyHC elicits
faster ATP turnover kinetics and higher measures of mechanical performance compared to
B-MyHC of the same species. The most notable functional difference between the isoforms
at the single molecule level is the myosin crossbridge lifetime [18, 20, 24], which at
saturating MgATP concentrations is most dependent upon the MgADP release rate. We are
aware of only one study that has made a direct comparison of MgADP release rates between
cardiac isoforms [18]. In that study rabbit cardiac myosin was used to facilitate the detection
of crossbridge binding events in the laser trap. The crossbridge lifetime of isolated mouse or
rat cardiac myosin would presumably be shorter and would make technically difficult the
detection of MgADP release rates in the laser trap. Our method of using viscoelastic
characteristics of the myocardium to calculate crossbridge lifetime, ty,, has no such
limitation and has been used to detect ty, as short at ~2 ms in mouse cardiac strips examined
at 37°C [36].

We found in the present study that MgADP release rate was progressively slowed according
to species and isoform in the following order: mouse a-MyHC > rat a-MyHC > mouse f3-
MyHC > rat B-MyHC. Our results reveal a four-fold difference in MgADP release rate
between a-MyHC and B-MyHC in the intact sarcomere for both mouse and rat. Data from
Rundell et al [9] in skinned myocardial strips with mixtures of the cardiac isoforms would
predict a four-fold difference in ATPase between rat isoforms. Data from Suzuki et al. [38]
would predict a 3.5-fold difference in ty, between rabbit isoforms. Studies using isolated
myosin on the other hand consistently report a two-fold difference in Kinetics or t,,, between
the two isoforms [2, 8, 15, 19, 21]. The disparate results between assays such as ours using
an intact myofilament lattice and those using isolated myosin suggest that Kinetic differences
between the isoforms are blunted outside the structural context of the intact sarcomere.

Our data further demonstrate that MgATP binding rate in an intact sarcomere is different
between isoforms and species. Previous estimates of MgATP binding rate using isolated
myosin were not different between the isoforms [18, 41], yet we report here that the MgATP
binding rate of a-MyHC is twice that of f-MyHC in the same species. Furthermore, the
MgATP binding rate in mouse is nearly triple that in rat for the same isoform. These data
suggest that MgATP binding rate in addition to MgADP release rate contributes to slower
crossbridge Kinetics in f-MyHC compared to a-MyHC and in the rat compare to mouse. We
would expect these rates to be further slowed in species with lower heart rates.
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4.2 Sequence Basis of Myosin Function

One might suspect differences in amino acid sequences at or near the nucleotide binding
pocket to underlie these differences in rates of MgADP release and MgATP binding.
However, the amino acid sequence of the nucleotide binding pocket and neighboring amino
acids are thoroughly conserved among the myosins examined here (161 AYQYMLTDRE
NQSILITGES GAGKTVNTKR VIQY 194). Nearby structures, such as Loop 1, point to
structural differences between isoforms but not between species and therefore cannot
explain the differences in MgADP release and MgATP binding rates between species [26].
We propose that constituent proteins and the organization of intact myofilament lattice
significantly influence MgADP release and MgATP binding by imposing loads on the
myosin crossbridge and thereby deforming the molecular structures within the mysoin head
reponsible for nucleotide release and binding.

We would argue that the differences in MgADP release and MgATP binding rates among
different myosins bearing a similar nucleotide binding pocket sequence suggest differential
structural deformations of the nucleotide binding pocket. The differential structural
deformations of the nucleotide binding pocket arise as a consequence of differential stiffness
profiles of the larger myosin molecule, including the rod and myosin-actin interface. More
specifically, the deformation profile of the myosin molecule in a post power-stroke state is
inversely proportional to its stiffness profile. In this way, amino acids at any location in the
myosin molecule can influence the deformation of the myosin nucleotide binding pocket and
thereby also influence the release and binding kinetics. As discussed previously [15], more
than 40 point mutations in the myosin rod have been identified as underlying familial
cardiomyopathies in humans and should therefore be considered relevant to influencing
myosin function through their effects on the myosin stiffness/deformation profile. A similar
argument could be made regarding accessory sarcomeric proteins such as myosin binding
protein-C and titin and the mechanical consequences of their post-translational
modifications.

4.3 Control of Sarcomeric Protein Phosphorylation

The use of the skinned myocardial strip represents an important model system for detecting
the kinetic and mechanical properties of the myosin crossbridge cycle in part because it
preserves the myofilament lattice and surrounding myocardial structure, thus lending
physiological structural significance to the findings. The myocardial strip is also in some
cases preferable to isolated cardiomyocytes, because it is prepared without the use of
proteases that can unpredictably undermine sarcomeric protein integrity and content.

The transgenic mouse model currently represents one of the most powerful tools to study the
mechanical consequences of differences in amino acid sequences and genetic mutations in
cardiac sarcomeric proteins. In the context of mouse models of disease or of protein
mutations we have thought it important to control for protein phosphorylation profiles. In
the current study, we found that hypothyroidism produced by PTU treatment not only
affected MyHC isoform, but also elicited functional differences due to sarcomeric protein
phosphorylation that were too subtle to detect by Pro-Q diamond stain, which detects total
protein phosphorylation. Cardiac troponin-1 and myosin binding protein-C are reportedly
less phosphorylated with hypothyroidism [42]. We would infer that site specific
phosphorylation of these or other proteins was differentially affected by hypothyroidism,
therefore warranting AP treatment in order to compare kinetics between a-MyHC and f-
MyHC. Given that AP treatment reduced Tpn in both populations, we suspect titin as at
least one additional target protein for AP.
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4.4 Limitations

The interpretation of viscoelastic properties of striated muscle in terms of myosin
crossbridge kinetics is not complete. Kawai and colleagues have utilized a model based on
strain-dependent crossbridge recruitment that provides some basis for interpreting the
biochemistry of the crossbridge cycle, but there is no inclusion of elastic distortion of
crossbridges as a contributor to viscoelasticity [31, 32]. Campbell’s model and data suggest
that that crossbridge distortion contributes significantly to viscoelasticity at high
frequencies, which corresponds to the C-process of Kawai [29, 39]. Our interpretation of the
C-process is qualitatively similar to that of Campbell’s and allows us to detect the myosin
crossbridge detachment rate and therefore mean crossbridge lifetime [36].

Our interpretation of viscoelastic properties of striated muscle relies solely upon
consideration of the mechanical consequences of temporarily formed crossbridges during
length perturbation, and we have not assigned specific biochemical states to a process or rate
constant. The use of Equation 3 provides our link between the crossbridge detachment rate
and MgATP-dependent biochemistry [18, 24]. Our subsequent interpretation of MgATP-
dependent kinetics is valid to the degree to which Equation 3 represents the crossbridge
detachment rate. It is possible, for example, that forcible myosin crossbridge detachment
independent of MgADP release and MgATP binding could contribute to our measure of
detachment rate and lead to an overestimate of k_app

4.5 Conclusion

The expression of a-MyHC is reduced in mammalian ventricles with development of any
one of several physiological and pathological conditions including aging, sedentary
behavior, hypothyroidism, diabetes, elevated systemic blood pressure and sarcomeric
protein mutation or deletion [1, 23, 43, 44]. The mechanical consequences of this MyHC
isoform shift includes a higher economy of force production (force/ATPase) [4, 16, 45] at
the expense of lower velocity and power of contraction due to the greater amount of -
MyHC. The question remains, however, whether this isoform shift is compensatory or
maladaptive to the underlying disease state [46, 47].

It has been suggested that the down-regulation of a-MyHC in human ventricles with disease
is compensatory due in part to the higher economy of B-MyHC [16, 46, 48] or maladaptive
due to the lower velocity and power, longer crossbridge lifetime and poorer relaxation
properties of B-MyHC [8, 49, 50]. It can also be argued that a shift from an initially very low
amount (<10%) to an undetectable amount of a.-MyHC, as occurs with cardiovascular-
linked diseases affecting human ventricular remodeling, is of minor physiological
importance compared to the myriad of other means by which cardiac sarcomeric
performance can be modified [38]. The present study does not resolve this question. Our
study does, nevertheless, provide a mechanistic framework for linking isoform- and species-
specific alterations in MgADP release and MgATP binding to differences in constituent
proteins and organization structure between the mouse and rat cardiac sarcomere in addition
to amino acid sequence differences between the a- and p-MyHC isoforms. Our results
suggest that alterations in nucleotide release and binding rates originate not from structural
differences near the nucleotide binding pocket, but from differences in deformation of this
site that depend on the stiffness of the S1 head relative to that of the remainder of the
myosin molecule, thick filament, myosin-actin interface and accessory proteins of the
organized sarcomere.
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Figure 1.

Characteristics of cardiac myofibrillar proteins. Each lane represents one heart, and
examples from two hearts are shown for each population. Gel electrophoresis stained with
Coomassie-Blue demonstrated ~100% a.-MyHC expression in hyperthyroid Wistar Kyoto
(WKY) rats and normal 129/SvEv wildtype mice (SvEv), while ~100% B-MyHC was
expressed in the PTU-fed WKY rats and SVEv mice. Transgenic mice expressing ~70% f-
MyHC (FVBgrg) were compared against non-transgenic FVB controls expressing 100% a.-
MyHC to test for any potential complications of PTU diet.
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Figure 2.

Normalized tension-pCa relationships without and with alkaline phosphatase (AP)
treatment. A. Thin filament calcium sensitivity was reduced due to PTU diet in myocardial
strips not treated with AP. B. After AP treatment, thin filament calcium sensitivity was
normalized to that of nonPTU-fed mice. The remainder of this study focused on AP treated
myofilaments. C. AP treatment was found to reduce phosphorylation of cardiac troponin-I
(cTnl) at Serines-23,24 in both normal and hypothyroid SvEv mice. Ponceau stain is used to
detect total protein content on nitrocellulose prior to Western blot. D. Phosphorylation of
cardiac regulatory light chain (MLC?2) at Serine-19 appeared to be reduced by BDM
exposure in the skinned strips compared to homogenate (hom) [51] and reduced further by
AP treatment.
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Figure 3.

Elastic and viscous moduli vs frequency under maximum activated conditions at 5 mM and
0.25 mM MgATP. A. At 5 mM MgATP the characteristic dips and shoulders of the elastic
and viscous moduli occur at lower frequencies due to B-MyHC in the PTU-fed rats
compared to a-MyHC in the control rats. B. Mouse myocardial strips at 5 mM MgATP
demonstrated similarly differential and exaggerated frequency characteristics between -
MyHC and a-MyHC. C and D. At 0.25 mM MgATP the frequency characteristics are
shifted to lower frequencies compared to 5 MM MgATP. These characteristics are still lower
in p-MyHC compared to a-MyHC and lower in rat (panel C) compared to mouse (panel D).
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Figure 4.

Sensitivity of myosin crossbridge detachment rate, 2r¢, and time-on, tg,, to MgATP. A-C.
At all MgATP concentrations greater than 0.1 mM, myosin detachment rate was
significantly higher for a-MyHC compared to B-MyHC in rats (panel A) and mice (panels B
and C). Detachment rates for 70% B-MyHC in the FVBgtg mouse were lower than 100% a.-
MyHC, but not as low as 100% B-MyHC (Panel C, where dotted lines reflect curves from
Panel B). D-F. At all MgATP concentrations greater than 0.1 mM, mean myosin
crossbridge to, was shorter in the a-MyHC compared to B-MyHC. For the same isoform
myosin crossbridge ton was shorter in mice compared to rats.
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