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Abstract

We examined the integrity of flash-frozen and cryo-sectioned cardiac muscle preparations (introduced by Feng and Jin, 2020)
by assessing tension transients in response to sinusoidal length changes at varying frequencies (1-100 Hz) at 25 °C. Using
70-pm-thick sections, we isolated fiber preparations to study cross-bridge (CB) kinetics: preparations were activated by
saturating Ca>* as well as varying concentrations of ATP and phosphate (Pi). Our results showed that, compared to ordinary
skinned fibers, in-series stiffness decreased to 1/2, which resulted in a decrease of isometric tension to 62%, but CB kinet-
ics and Ca®* sensitivity were little affected. The pCa study demonstrated that the rate constant of the force generation step
(2mb) is proportionate to [Ca®*] at <5 pM, suggesting that the activation mechanism can be described by a simple second
order reaction. We also found that tension, stiffness, and magnitude parameters are related to [Ca>*] by the Hill equation,
with a cooperativity coefficient of 4-5, which is consistent with the fact that Ca>* activation mechanisms involve coopera-
tive multimolecular interactions. Our results support the long-held hypothesis that Process C (Phase 2) represents the CB
detachment step, and Process B (Phase 3) represents the force generation step. Moreover, we discovered that constant H
may represent the work-performing step in cardiac preparations. Our experiments demonstrate excellent CB kinetics with
two well-defined exponentials that can be more distinguished than those found using ordinary skinned fibers. Flash-frozen
and cryo-sectioned preparations are especially suitable for multi-institutional collaborations nationally and internationally
because of their ease of transportation.
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c Characteristic frequency of Process C. 2zc is c See Eq. 6 for definition
its apparent rate constant. Sct Ca activatable stiffness
Cay, Apparent Ca dissociation constant, based on Sic Low Ca** stiffness
pCa-tension plot Stiffness  Young’s elastic modulus (unit: Pascal or Pa)
Cagyy Apparent Ca dissociation constant, based on extrapolated to the infinite frequency (Y)
pCa-stiffness plot T, Ca activatable tension
CB Cross-bridge Tic Low Ca”* tension
CK Creatine kinase VM Viscous modulus =Imag [Y(f)]
M Complex modulus X, Probability of CBs in the AM.ADP state
CP Creatine phosphate, phosphocreatine X, Probability of CBs in the AM state
D ADP, or MgADP X, Probability of CBs in the AM.ATP state
D = [MgADP], concentration of MgADP Xo12 Probability of strongly attached CBs after work
DM Dynamic modulus =IY(H)l = VEM?* + VM> performance. X;;, =X+ X, +X,
ECM Extracellular matrix X34 Probability of CBs in the detached and weakly
EGTA Ethylene glycol-bis(f-aminoethyl ether)- attached states
N,N,N’,N'-tetraacetic acid X5 Probability of CBs in the AM*ADP.Pi state
EM (Young’s) elastic modulus =Real [Y(f)] X, Probability of CBs in the AM*ADP state
f Frequency used for sinusoidal analysis Xs6 Probability of CBs after force generation, but
H Complex modulus at f — 0, and may include before work performance, X5 = X5+ X
Process A in cardiac preparations Xo1256 Probability of CBs in the strongly attached
i i= \/—_1, Imaginary number states. X256 =X+ X +Xp + X5+ Xe=1-X3,
K, CB’s MgADP association constant Y, Young’s elastic modulus extrapolated to the
K, CB’s MgATP association constant infinite frequency (f — o). This property is
K, The equilibrium constant of CB detachment called “stiffness” in this paper
Step 2 Yous Observed complex modulus
K, The equilibrium constant of force generation Y(H) Complex modulus
Step 4 Yot Ca activatable stiffness
K; CB’s phosphate (Pi) association constant. 1/K Yic Low Ca’* stiffness
is Pi dissociation constant
L, Length of muscle preparation
ny Cooperativity (Hill coefficient) measured from Introduction
pCa-tension plot
Ry Cooperativity (Hill coefficient) measured from The exploration of active muscle mechanics and kinetics
pCa-stiftness plot has evolved over time as simpler preparations were intro-
P P =[Pi] =[phosphate], phosphate concentration duced to unravel the intricate workings of muscle function.
b/ Circumference ratio, 7=3.14159265 ... Early investigations employed intact muscles (Hill 1938,
pCa = —LoglO[Ca2+] 1953; Podolsky 1960) and intact single muscle fibers (Gor-
pCay = —Log,y[Cas], calcium sensitivity measured don et al. 1966) that were activated by electrical stimula-
from pCa-tension curve tion. Subsequently, glycerinated fibers (Ruegg and Tregear
pCasyy = —Log;o[Casyy], calcium sensitivity measured 1966; Pringle 1967) and skinned fibers (Hellam and Podol-
from pCa-stiffness curve sky 1969; Reuben et al. 1971) were introduced, followed by
pH = —Log,,[H*] split fibers (Sugi and Gomi 1984). More recently, research-
PH Phase shift=arg [Y(f)] ers have focused on studying single myofibrils (Bartoo et al.
Pi Phosphate 1993; Colomo et al. 1997; Tesi et al. 2000; Stehle et al. 2002;
ry Rate constant of CB detachment Step 2 Rassier et al. 2003). Skinned fiber-to-myofibril preparations
Ty Rate constant of CB’s reverse detachment Step offer many advantages for investigating muscle mechanics
2 and kinetics. They allow for the perfusion of experimental
Ty Rate constant of force generation Step 4 chemicals, such as Ca®t, ATP, ADP, and phosphate (Pi),
Ty Rate constant of reverse force generation Step 4  directly to the cross-bridges (CBs) within the myofilament
Tg Rate constant of work performing Step 6 space, thus allowing more hypotheses to be tested than
S ATP, or MgATP (substrate for actomyosin with intact fibers or with whole-muscle preparations. By
ATPase) maintaining high physiological concentrations of contrac-
S Substrate concentration, S=[MgATP] tile proteins in these structured systems, the preparations
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preserve the allosteric interactions (cooperativity) among
participating macromolecules. In addition, experiments can
be performed in physiological ionic strength solutions.

In contrast to the structured system, experiments on
simplified systems have been carried out, such as solution
studies of extracted and reconstituted contractile proteins,
and more recently, the use of single molecule studies with
in vitro motility assays. These techniques have had enor-
mous impacts on muscle research. However, the results pro-
duced by these systems are not complete and are sometimes
inaccurate because of diminished cooperative interactions
between macromolecules and because experiments are per-
formed in extremely low ionic strength solutions.

Recently, a technique involving flash-frozen and cryo-
sectioned cardiac muscle preparation has been introduced
by Feng and Jin (2020). In this report, our objective is to
comprehensively assess the functional integrity of this prep-
aration by using small amplitude sinusoidal length changes
and analyzing concomitant amplitude and phase shift (or
elastic and viscous moduli) of the force responses, called
“force transients”, under a range of experimental condi-
tions. The ability to easily transport and exchange samples
prepared using this technique promises to promote collabo-
rative research in laboratories at different institutions inter-
nationally, and to advance our understanding of muscle
biomechanics.

Methods

Flash freezing of papillary muscles,
and cryo-sectioning

These procedures were described in Feng and Jin (2020). In
brief, adult C57BL/6 J mice were anesthetized with isoflu-
rane, the heart was removed, and left ventricular papillary
muscles (size: approximately 1 mm diameter X 5 mm length)
were isolated and flash frozen in liquid nitrogen. Since the
preparations were small, the freezing was instantaneous, and
no foreign chemicals were used in this process. The muscles
were then placed in a 1.7-mL Eppendorff tube for storage
at— 80 °C. Using a cryostat set at —20 °C, each frozen pap-
illary muscle was sectioned at a thickness of 70 pm and a
width of 120-140 pm. These muscle strips were then trans-
ferred to a 1.7-mL Eppendorff tubes containing a relaxation
solution that consisted of 50% glycerol maintained at —20
°C. The tube was shipped from University of Illinois at
Chicago to University of Iowa in Iowa City with ice packs
and kept in a—20 °C freezer until used for biomechanical
experiments. The microscopic images of the preparation is
shown in Fig. 1.

Fig.1 Mouse cardiac muscle cryosections. Mouse left ventricular
papillary muscle was cryo-sectioned into 70-pm-thick, 120-140 pm
wide strips. The strips were submerged in relaxing solution contain-
ing 50% glycerol at -20 °C overnight before being skinned at 0 °C in
relaxing solution containing 1% triton X-100. The skinned strips were
selected under a dissection microscope for containing longitudinally
aligned cardiomyocytes. A. A strip mounted to force transducer with
T-clips. B. The higher magnification bright field light microscopic
image shows clear sarcomeric striations

Biomechanical experiments

On the day of experiments, a small bundle of the flash-fro-
zen and cryo-sectioned preparation was further dissected
from stored Sect. (120-140 pm wide and 70 pm thick strips)
to result in the width of 50—100 pm, the thickness of 70 pm,
and the length of 1-2 mm, as measured under a dissecting
microscope. This preparation was then carefully mounted
in the experimental apparatus. One end of the bundle was
connected to a linear motor (length driver) and the other end
to a tension transducer via stainless steel wires, with a min-
ute amount of nail polish. The bundles were then stretched
until resting tension was just visible, resulting in a sarcomere
length of 2.1-2.2 pm as determined by optical diffraction at
longer sarcomere lengths between 2.5 and 4.0 pm (Wang
et al. 2013a). However, the sarcomere length measurements
had to be carried out in a separate preparation, because once
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sarcomeres are stretched to these long lengths in a cardiac
preparation, it becomes damaged and not suitable for the
biomechanical studies. Isometric tension was recorded dur-
ing full Ca®* activation, which was then followed by the
ATP study, the phosphate (Pi) study, the Ca®* study, and
the rigor study. When tension reached a steady value, sinu-
soidal analyses were performed with a range of 1-100 Hz
(13 frequencies) at 0.2% amplitude. To test reproducibility,
standard activation was repeated after each set of experiment
(ATP study, Pi study, Ca”" study); if tension reproducibility
was < 90%, the data were excluded from analysis.

Sinusoidal analysis

This was carried out as described (Kawai and Brandt
1980; Kawai et al. 2021), and the complex modulus
Y o= Y(f) was obtained, which consists of a complex
number, hence the name. The complex modulus con-
tains two components: elastic modulus (EM = Real Y(f),
also called Young’s elastic modulus) and viscous modu-
lus (VM =Imag Y(f)). The complex modulus can also be
expressed in the polar coordinates with dynamic modulus
(DM =IY(f)l = VEM? + VM?) and phase shift (PH=arg
Y(f)). The frequency-dependent complex modulus data
were fitted to Eq. 1, which consists of two exponential
Processes B and C in cardiac fibers (Kawai et al. 1993;
Wannenburg et al. 2000) [see also (Shibata et al. 1987)]
using a program developed in our laboratory, Dfit4.exe.
The purpose of this fitting is to deduce the rate constants
2nb and 2nc of the exponential Processes B and C, respec-
tively, in the most rational way.

Proc B Proc C

Bfi | Ch M

YO == G o

where i = \/—_1 . b is the characteristic frequency of expo-
nential Process B, where B is its magnitude (strength; ampli-
tude); c is the characteristic frequency of exponential Pro-
cess C, where C is its magnitude; and H is a constant. From
this point forward we will also refer to H as a magnitude
parameter in cardiac preparations, for a reason that becomes
apparent later. Processes B and C are called exponential
processes because their time (f) domain expression AT(¢)
consists of exponential functions (Kawai and Brandt 1980):

Phase 3 Phase 2
AT(t) = [H — Bexp(—2zbt) + Cexp(—27tct)] AL @)

where AL is the step length change, and AT(¢) is the ten-
sion transient (time course). The algorithm to find b and c,
as well as magnitude parameters H, B, and C from Y(f) by
data fitting with the program Dfit4.exe has been described
(Kawai and Brandt 1980). In brief, these fitting parameters
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are found to minimize EIY,, —¥;,../> Where the summation
is over the frequencies used, and the theoretical projection
Yi1eo 18 calculated based on Eq. 1 at each frequency used
for experiments. Y, is observed data point. The Young’s
elastic modulus extrapolated to the infinite frequency (f —
o0) is defined by:

Y, = Y(c0) = H— B+ C = EM(c0) = DM(0) 3)

In this report, this quantity is called “stiffness.” Note
that VM(o0) =0, therefore, all variables in Eq. 3 are
real numbers. To normalize available data, magnitudes
and related parameters are divided by Y, of the nearest
standard activation (pCa 4.55, 5 mM MgATP, 8 mM Pi,
200 mM ionic strength). Thus, the unit of H, B, and C is
Y.

Y, corresponds to Phase 1 of step analysis, Process C
to Phase 2, and Process B to Phase 3 (compare Eqs. 1 and
2). Step analysis also has been used to study CB kinetics
(Huxley and Simmons 1971; Heinl et al. 1974; Huxley
1974; Ford et al. 1977). Process A has not been observed
in cardiac muscles with experiments at <25 °C (Egs. 1
and 2) (Kawai et al. 1993; Wannenburg et al. 2000), but
it emerges with experiments at>30 °C (Lu et al. 2006).
When characteristic frequencies are multiplied by 2z, these
are called “apparent rate constants,” signifying experimen-
tally observed rate constants of exponential processes (see
Eq. 2). These are equivalent to the rate constants deduced
from tension transients of step analyses (Eq. 2), but not
quite the same as the “intrinsic rate constants” or “funda-
mental rate constants” (Gutfreund 1995) of the elementary
steps used to describe a CB model.

Standard activation and the rigor study

This was performed as shown in Fig. 2A. The fiber was first
relaxed (R), followed by standard activation (A). Tension
was increased to reach a plateau. After quickly carrying
out sinusoidal analysis (0.4 s/frequency) at a low amplitude
(0.2% L), the fiber was transferred to the rigor solution
(Rig). Tension was further increased, followed by a decrease,
taking several minutes to approach the steady state. Two to
three sinusoidal analysis records were taken with a longer
duration (1.6 s/frequency) and at an increased amplitude
(0.35% L) to obtain data with a better signal-to-noise ratio
(S/N). This was done because the rigor data were used to
correct other experimental data for system response, most of
which is caused by the tension transducer as described ear-
lier (Kawai and Brandt 1980). In addition, fiber rundown is
minimal with the rigor state compared to the Ca*"-activated
state(s), hence the quality of the preparation is maintained
even after prolonging the data collection period and increas-
ing the oscillation amplitude during rigor. In contrast, fiber
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A Rig R

B Rx2 0.05x2 0.1 02 0512 510 R

o Rx2 0x2 2 4 8 16 30 R

20 kPa

1 min

Fig.2 Time course of tension (7) records in slow pen traces. A
Standard activation and rigor study. R =Relaxing solution, A =stand-
ard activating solution, Rig=Rigor solution. B ATP study. The num-
bers indicate [MgATP] in mM. C. Phosphate (Pi) study. The numbers
indicate [Pi],, in mM. D Ca study. The numbers indicate pCa val-
ues. For B and C X2 indicates that the solution was changed twice.
In all panels, the computer record of the length change (AL) is shown

rundown is faster when the fiber is activated with Ca®" in the
presence of ATP. This part of the experiments was usually
carried out after the ATP and Pi studies. Rundown of the
flash-frozen and cryo-sectioned preparations was not any
different from ordinary fiber preparations.

ATP study and analysis of the apparent rate
constant 2mc

The ATP study was carried out as in Fig. 2B for the slow
pen trace of the tension time course. Fibers were initially
relaxed in relaxing solution (R), and then the solution was
replaced twice with a solution that contained 0.05 mM
MgATP in the presence of Ca>* ([Ca?"]> 20 pM). Because
R contained 2 mM MgATP, the first solution change was
used to wash out excess MgATP. Tension quickly devel-
oped to reach a plateau. The fiber length was then oscil-
lated in a series of sine waves ranging between 1-100 Hz.
Time course data from both the length (AL) and the force
(AF) changes were collected every 10 ps, the signal was
averaged on each sinusoidal cycle, and the complex modu-
lus data Y(f) were deduced as described (Kawai and Brandt

D 6.0 57 55545248 455R
62 58 5.6

below the tension time course. Amplitude was 0.2% L, (peak-to-peak
was 0.4% L,) for most experiments, except for the rigor condition
(amplitude 0.35% L,). For the rigor condition, the measurement dura-
tion was prolonged. The tension signal was filtered by a 10-Hz second
order low-pass filter. Sharp vertical spikes indicate solution change
artifacts. Scale bars represent 20 kPa (ordinate) and 1 min (abscissa)

1980). Y(f) was then fitted to Eq. 1 to find the apparent
rate constants 2nb and 2nc. After one or two sets of such
analyses, [MgATP] was increased to the next concen-
tration level (0.1, 0.2, 0.5, 1.0, 2.0, 5.0, and 10.0 mM),
and sinusoidal analysis was repeated. After challenging
with eight different MgATP concentrations, fibers were
relaxed in R (Fig. 2B). These experiments were carried
out in the presence of the ATP regenerating system, hence
contaminating ADP was <20 pM (Kushmerick et al. 1992)
and negligible. In the ATP study, [Pi] was kept constant
at 8 mM, and pCa was kept in the range of 4.65—-4.35
([Ca**]=22-45 pM). The experiments for the next prepa-
ration were carried out in decreasing order of [ATP], and
the results were averaged to minimize the effect of fiber
rundown.

Phosphate (Pi) study and analysis of the apparent
rate constant 2nb

The Pi study was carried out as in Fig. 2C. To deduce the

kinetic constants (r,, 4, K5) of the elementary steps sur-
rounding force generation (Step 4) and Pi release (Step
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Table 1 Solutions used in this

Solution name Relaxing Activating Rigor MgATP study Pi study
report (mM)
Symbol R A Rig 0S 10S oP 30P
K,CaEGTA - 6 6 6 6 6 6
K,H,EGTA 10 - - - - - -
Na,H,ATP 24 6.06 - - 12.1 6.12 6.06
Na,CP - 15 - 15 15 15 15
MgAc, 39 6.61 1.55 1.69 11.53 6.68 6.44
KH,PO, 4 4 4 4 4 0 15
K,HPO, 4 4 4 4 4 0 15
KAc 65 53.5 88.7 74 332 72.1 14.5
KCl1 12 12 12 12 12 12 12
NaAc 20 12.8 55 25 0.8 12.8 0.9
MOPS 10 10 10 10 10 10 10
CK (unit/ml) 0 80 0 80 80 80 80

CP creatine phosphate, CK creatine kinase. S=[MgATP], P=[Pi]

tota1=[Po4l‘5’]. mS indicates mM con-

centration (m) of ATP study solutions. Intermediate S solutions are made by an appropriate mixture of
0S and 10S solutions: nS=[n(10S)+ (10-n)(0S)]/10 by volume. nP indicates the mM concentration (n) of
Pi study solutions. Intermediate P solutions are made by an appropriate mixture of OP and 30P solutions:
nP=[n(30P) + (30-n)(0P)]/30 by volume. A is the standard activating solution, which is the same as 5S and
8P solutions. In all solutions, pH was adjusted to 7.00 by KOH. [Mg?*]=1 mM, [Na],, =55 mM. The
ionic strength was adjusted to 200 mM by KAc

5), [Pi] was changed such as 0, 2, 4, 8, 16, and 30 mM in
the experimental saline. Pi was included in the saline as
the equimolar mixture of KH,PO, and K,HPO, (Table 1);
P =[Pi] represents the total Pi concentration. The actual Pi
concentration was likely to be 0.7-0.8 mM higher than the
added concentration because of continuous ATP hydrolysis
by the fibers and diffusion of Pi to the surrounding saline
(Kawai and Halvorson 1991; Dantzig et al. 1992). The
apparent rate constant 2zb was then studied as a function of
[Pi]. 2zb reflects the force generation and Pi release steps
(Kawai and Halvorson 1991; Kawai et al. 1993). Fibers were
initially relaxed in R, and then the solution was replaced
twice with a solution that did not contain Pi (O Pi solution).
Because R contained 8 mM Pi, the first solution was used to
wash out excess Pi. Tension quickly rose to reach a plateau
(Fig. 2C), and the fiber length was oscillated for sinusoidal
analyses. [Pi] was then increased to the next concentration
level (2, 4, 8, 16, and 30 mM), and sinusoidal analyses were
repeated. After sequentially challenging the fibers with six
different Pi concentrations, fibers were relaxed in R. In the Pi
study, [MgATP] was kept at 5 mM, and pCa was kept at 4.55
([Ca**]1=28 pM). The experiment for the next preparation
was carried out in decreasing order of [Pi], and the results
were averaged to minimize rundown artifact.

Ca?* study
This was performed at pCa 7.0, 6.2, 6.0, 5.8, 5.7, 5.6, 5.5,

5.4,5.2,4.8, and 4.55 as in Fig. 2D (see also Fig. 1 of Zhang

@ Springer

et al., 2021), where pCa= —loglo[Ca2+], and isometric ten-
sion was recorded as reported (Lu et al. 2010; Zhang et al.
2021). [MgATP] was kept at 5 mM and [Pi] at 8 mM. For
each pCa solution, sinusoidal analysis was performed, and
the complex modulus was recorded. After the maximum
[Ca?*], the fiber was relaxed with R.

Solutions

Solutions are listed in Table 1, several of which were
reported previously (Wang et al. 2013b, 2014). In brief,
the relaxing solution (R) contained 10 mM EGTA, 2.4 mM
ATP, 4 mM MgAc, (Ac=acetate), and 8 mM Pi. Activat-
ing solutions contained 6 mM CaEGTA, 0-12 mM ATP,
1.7-12.0 mM MgAc,, and 0-30 mM Pi. All activating solu-
tions contained the ATP regenerating system: 15 mM Na,CP
(creatine phosphate) and 80 unit/ml CK (creatine kinase).
For the pCa study, the ratio [Na,CaEGTA]:[Na,K,EGTA]
was adjusted to achieve the desired pCa value by keeping
the total [EGTA] constant (6 mM) and by using a program
developed in our laboratory, ME.exe (multiple equilibria).
This program considers interactions between multiple cati-
ons and multiple anions at a specified pH based on the mass
actin law and published stability constants. The rigor solu-
tion contained: 6 mM CaEGTA, 1.55 mM MgAc,, and § mM
Pi. In all solutions, [Mg?*] =1 mM, [Na*],,,;=55 mM, the
ionic strength was adjusted to 200 mM by KAc, and pH was
adjusted to 7.00 by KOH. All experiments were carried out
at 25 °C.
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Statistical analysis

All data are expressed as the mean + standard error of the
mean (SEM).

Results

Cross-bridge (CB) kinetics during standard
activation

This is depicted in Fig. 2A. Fibers were initially soaked in
R and then transferred to the standard activating solution
(A). Once steady tension developed, the length of the fibers
was oscillated with a small amplitude (0.2% L). This length
change corresponded to ~ 1 nm/CB with 50% series compli-
ance. The concomitant change in tension was recorded every
10 ps by a computer with an Advantech PCA-6743F CPU

0.6 - A

0.2 A

Elastic Mod, MPa

0.0 T ——— T ——

B Proc C

0.2 4

Proc B

0.0 4 LJ

Viscous Mod, MPa

1 10 100
Frequency, Hz

Fig.3 Plots of complex moduli of standard activation. A Elastic
modulus vs. frequency. B Viscous modulus vs. frequency. C and D
Elastic vs. viscous moduli (Nyquist plot). In A, B and D filled cir-
cles represent the experimentally observed data points. Curved lines
(and open circles in C and D) are the theoretical values based on
Eq. 1 and best fit parameters. In C, theoretical projections based on
Eq. 1 (curved line) with frequencies used for measurements (open cir-
cles). Frequency points are indicated in Hz in C, except for 7.5, 5.0,
3.2, 2.0, 1.4, and 1.0 Hz (counter-clockwise direction), which are not
indicated. Y, is on the point at which the complex modulus extrapo-

using our customized interface and analyzed in terms of dis-
crete Fourier transform by using a program developed in our
laboratory, Dcoll.exe, and as reported (Kawai and Brandt
1980; Kawai et al. 2021). The complex modulus (= Y(f))
was calculated as a function of frequency (f). The results are
plotted in Fig. 3. The elastic modulus (EM = Real Y(f)) has a
minimum at 17 Hz (Fig. 3A). This frequency is close to the
one called “’f, ;,,” which is defined as the frequency that gives
the minimum value on the dynamic modulus 1Y(f)| (Shibata
et al. 1987). The EM is very large at the high-frequency end
(100 Hz) because CBs do not have enough time to adjust
to the imposed length change; hence, the EM registers a
momentarily frozen structure of the preparation. The EM
is small at the low-frequency end (1 Hz) because CBs have
adequate time to adjust to the imposed length change. The
viscous modulus (VM =Imag Y(f); Fig. 3B) peaks at 50 Hz,
which approximates the characteristic frequency c. Although
difficult to see, the VM has a minimum at 5-7 Hz where

04 - C
y 0 79
= 1 ¥ 100
-
= 02 425
()]
=
8 17
@
> 0411 Yeo
0.0 0.2 04 0.6
0.4 -
- D Proc C
o
I
"
0.2 4
=
(7))
=
3 Proc B
@
> 04—
0.0 0.2 0.4 0.6

Elastic Mod, MPa

lates for f — oo. D superimposes C and the experimentally observed
data points shown in A and B. Many open circles (theory) overlap
with solid circles (measurements), hence not all points are visible.
The fitting procedure minimized the sum of squares of their dis-
tances. Note that the viscous modulus becomes slightly negative for
frequencies < 10 Hz (B, C and D). In B and D approximate locations
of Processes B and C are indicated by Proc B and Proc C. The data
are based on a single set of measurements and are not averaged. The
coefficient of correlation of this fitting was 0.998. The unit of moduli
is MPa, and the unit of frequency is Hz
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Fig.4 Cross-bridge (CB) model with six states. The complex
modulus data Y(f) were analyzed based on this CB model, where
D=MgADP, S=MgATP, P=Pi=phosphate, A=actin, and
M =myosin. Det is an assembly of weakly attached states (AMS and
AMDP) and detached states (MS and MDP). XJ G=0, 1, 2, 34, 5,
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Fig.5 Effect of MgATP on apparent rate constant 27xc.

[MgATP]=0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10 mM. Experiments were
performed at 8 mM Pi and pCa 4.35—4.65. The mean and SEM are
shown. N=18. The data were fitted to the three-state model (Eq. 4),
that includes Step 1 and Step 2 in Fig. 4

VM < 0. This frequency approximates the characteristic
frequency b. The muscle preparation produces “oscillatory
work” at around this frequency (Pringle 1967; White and
Thorson 1972; Kawai et al. 1977; Kawai and Brandt 1980).

Active tension (Table 2) was 16.3+ 1.1 kPa (N=42), and
associated stiffness (Young’s elastic modulus extrapolated to
oo frequency, Eq. 3) was 529 +36 (N =42) in the standard
activating solution that contained 8 mM Pi (Table 1). This
condition lowers the isometric tension, compared to that at
0 mM Pi (23.8+£1.9 kPa, N=14).

The Nyquist plot is a plot of EM in the abscissa vs. VM in
the ordinate (Fig. 3C and D). This plot exhibits two semicir-
cles, with the large one opening downward (Process C), and
the small one opening upward (Process B). One semicircle

6) is the probability of CBs in each state. 2zc represents Steps 0-2,
and 2nb represents Steps 4-5. r’s are the fundamental rate constants,
and K’s are the equilibrium constants (including the association con-
stants) of elementary steps

corresponds to one exponential process (compare Eqgs. 1 and
2); therefore, these Nyquist plots demonstrate that there are
two exponential processes involved in the length-tension
response in activated cardiac muscles (Kawai et al. 1993;
Wannenburg et al. 2000). These are called “exponential”
processes, because their time-domain expression consists
of exponential functions, as shown in Eq. 2. The quality of
the exponential time course is very difficult to judge by its
appearance, in particular when there are multiple exponen-
tials; whereas, in Nyquist plots, these are easy to identify and
easy to judge the quality of the data because of their circular
nature (see Fig. 3C).

To determine the apparent rate constants 2zb and 27nc,
the complex modulus data were fitted to Eq. 1 (Kawai and
Brandt 1980; Kawai et al. 1993; Wannenburg et al. 2000).
This process is equivalent to fitting the time course data
to two exponential functions (Eq. 2) to deduce two appar-
ent rate constants. The sinusoidal analysis method gives a
more accurate estimate of the rate constants in a larger fre-
quency (or time) domain. In Fig. 3, the best fit theoretical
data (calculated by Eq. 1) are expressed in continuous curves
and open circles. Figure 3C is entirely based on Eq. 1, with
best fit parameters and frequency points (indicated) used for
experiments. Figure 3D superimposes the experimental data
points on top of Fig. 3C. The coefficient of correlation of
this fitting was 0.998 for a single measurement. This is much
better than that determined using data from ordinary single
skeletal muscle fibers or cardiac muscle strips (Table 2),
because these preparations require the averaging of many
Y(f) data for satisfactory results. As demonstrated in Fig. 3D,
the data points and theoretical points superimpose extremely
well. This can also be seen in Fig. 3A and B (data points are
close to the theoretical curves), indicating the high quality
of the data and the appropriateness of Eq. 1 to describe the
frequency-dependent complex modulus data.
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Table 3 Kinetic constants

Preparations Name Flash-frozen/cryo- Ordinary skinned
of the elementary steps. The sectioned
mean, SEM, and number of o . . .
observations are shown Kinetic constants This report Xi et al. (2022) Unit
K, ATP association constant 1.03+0.09 (20) 1.12+0.14 (28) mM™!
ry CB detachment RC 163 +10 (20) 166 +11 (28) s7!
Ty Reverse detachment RC 48.3+3.8 (20) 41.2+4.3 (28) s
K, CB detachment EC 3.74+0.32 (20) 4.80+0.41 (28) -
Ty Force generation RC 64.5+3.7 (14) 49.1+4.2 (19) s
Ty Reverse force generation RC  87.1+12.9 (14) 77.4+14.1 (19) s
K, Force generation EC 0.99+0.16 (14) 1.07+£0.21 (19) -
K; Pi association constant 0.200+0.042 (14) 0.172+0.032 (19) mM™!

RC rate constant, EC equilibrium constant

Rigor study

To determine the significance of stiffness of in-series com-
ponents, the standard activating solution was washed with
the rigor solution (Rig; Fig. 2A), which did not contain
ATP, CP or CK (Table 1). Rigor is a condition in which all
possible CBs are attached to the thin filament; thus, it is a
measure of the stiffness of the overall sarcomere structure.
Rigor tension initially increased then gradually decreased
(Fig. 2A). The rigor tension reached steady state in a few
minutes, and the complex modulus data were collected.
Rigor stiffness at f=100 Hz was chosen because it varies
little with frequency when rigor is developed (Kawai and
Brandt 1980). Results are shown in Table 2.

150 -

[any

o

o
1

Rate Const 2nb, s
(6]
o

0 T T T T T T T T 1
0 8 16 24 32

Phosphate, mM

Fig.6 Phosphate effect on the apparent rate constant 2zh. Experi-
ments were performed at [MgATP]=5 mM and pCa 4.55. The mean
and SEM are shown. Average of 18 experiments. The data were fitted
to the three-state model (Eq. 5), that includes Steps 4 and 5 in Fig. 4
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Elementary steps surrounding ATP binding and CB
detachment

The apparent rate constant 2nc reflects the CB detachment
step that rapidly ensues after the ATP binding step (Kawai
and Halvorson 1989; Kawai et al. 1993). To characterize
these steps, the effect of [MgATP] on 2nc was studied in
the range of 0.05—10 mM and as shown in Fig. 2B. 2zc
increased as S =[MgATP] was increased in the sub-mM
range and subsequently approached saturation (Fig. 5).
These results can be explained by Steps 1 and 2 of the CB
model shown in Fig. 4. Equation 4 relates 2zc to the MgATP
concentration (§ =[MgATP]) and to the kinetic constants
(K, ry, 1) of the elementary steps (Kawai and Halvorson
1989).

2nc = ryt+7r_, 4)

1
1+K,S

The data points are fitted to Eq. 4 by a program devel-
oped in our laboratory, F_Sr6, which minimizes the sum
of squares by using a one-dimensional search for K. r,
and r, are linear to 2nc, hence ordinary linear fitting was
used. From this fitting three kinetic constants (K, r,, and
r,) of the elementary steps are deduced. K| is the MgATP
association constant (Step 1), r, is the rate constant of the
CB detachment Step 2, and r, is the rate constant of its
reversal (see Fig. 4). The data (discrete points) fit well to
Eq. 4 as shown in the smooth curve of Fig. 5, demonstrat-
ing the high reliability of the CB model. Here it is impor-
tant to emphasize that we have derived only three param-
eters (K, rp, and r,) from the ATP experiment (Fig. 5),
and we interpret them in terms of elementary Steps 1 and
2 of Fig. 4, which is the minimal CB model. Therefore,
this is the simplest interpretation of the data. The isomet-
ric tension gradually decreased (Fig. 2B) as [MgATP]
was increased, and as reported previously (Kawai and



Journal of Muscle Research and Cell Motility (2024) 45:95-113

105

A 80 1

Det
Att

=
<

AMD
AMS
AM*DP
AM*D

60

AMD+AM+AMS
AM*DP+AM*D

40

20 A

Cross-bridge distribution, %

Xo Xy Xa Xy Xs Xe Xo1256 Xo12 Xse

B 80 1

60 -

40

20 A II'
0

0 1 2 X34 5 6

Cross-bridge distribution, %

X01256 X012 XSG

Fig.7 Cross-bridge distribution. A Flash-frozen and cryo-sec-
tioned preparation. B Ordinary preparation. CB states on top fol-
low the abbreviations used in Fig. 4. CB distribution was calculated
from equilibrium and association constants in Table 3 at S=5 mM,
P=8 mM, and D=[MgADP]=0.02 mM, based on Eqs. 8-14 of
Zhao & Kawai (1996). Errors were propagated from SEM listed in
Table 3. Att=AMD+AM+AMS+AM*DP+AM*D=X,+X,+
X,+X5+Xs=X,1056. These are force generating, strongly attached
states. X5, is an assembly of detached and weakly attached states
without force, and X554+ X3,=1. To calculate X, K, ~ 10K, and
[MgADP] = 0.02 mM were assumed. X, ~ 0.36+0.03% for A and
0.27+0.03% for B. X, =Xy + X, +X,; X56=X5+ X,

Halvorson 1989; Wang et al. 2014). The results of the ATP
study are summarized in Table 3.

Elementary steps surrounding force generation
and phosphate (Pi) release

The apparent rate constant 2zb reflects the force generation
and the Pi release steps (Kawai and Halvorson 1991; Kawai
et al. 1993). To characterize these steps, P=[Pi],,, was
changed in the range of 0-30 mM, and 2zb was recorded.
The results are plotted in Fig. 6 (discrete points) as a func-
tion of P. 2zb increased at a low concentration of Pi and
approached saturation at a high concentration range. Such
a result can be explained by force-generations Step 4 and
Pi-release Step 5 of the CB model depicted in Fig. 4. The
effect of Pi on 2xb is fitted to Eq. 5 by a program developed
in our laboratory, F_PR6C, which minimizes the sum of
squares by using a one-dimensional search for K. ry and r 4
are linear to 2znb, hence ordinary linear fitting was used. This

equation is based on Steps 4 and 5 of Fig. 4, and relates the
Pi concentration (P) and the kinetic constants (r, r4, K5) of
elementary Steps 4 and 5 to the apparent rate constant 2zb
(Kawai and Halvorson 1991; Kawai et al. 1993):

KsP
27nb =ory + T+ K.P n K5Pr_4 (5)
where
K. K,S
o= —2 1 (6)

I+ 1+ KK, S

o accounts for the rapid equilibria (Steps 1-3, Fig. 4) that
exist to the left of Step 4. K| and K, were obtained from the
ATP study, and S=5 mM (condition of the Pi study) was
used to calculate o from Eq. 6. The data fit well to Eq. 5,
as shown in the continuous curve in Fig. 6, demonstrating
the high reliability of the CB model in Fig. 4. Once again it
is important to emphasize that we have deduced only three
parameters (ry, 14, and Ks) from the Pi study, showing Pi
dependence of 2zb (Fig. 6); hence, Fig. 4 with Steps 4 and
5 is the minimal CB model to account for the data. The
isometric tension gradually decreased as [Pi] was increased
(Fig. 2C), and as reported earlier (Hibberd et al. 1985; Kawai
and Halvorson 1991; Kawai et al. 1993; Tesi et al. 2000;
Wang et al. 2014). The results of the Pi study are summa-
rized in Table 3.

Distribution of CBs among six states

It is important to know how CBs are distributed among the
six states shown in Fig. 4, and how they change depend-
ing on S =[MgATP] and P=[Pi]. The CB distribution was
calculated based on equilibrium constants that include the
association constants obtained (K, K,, K, and K5 in Table 3)
at the standard activating condition (S=5 mM, P=8 mM
and D=0.02 mM) using Eqs. 8—14 published in (Zhao and
Kawai 1996) based on the CB model in Fig. 4 and plotted
in Fig. 7A. Because we have not performed the ADP study
from which K, (MgADP association constant) is determined,
K, ~ 10K, was assumed for the ratio of Ky/K, resulted in a
range between 6—14 in cardiac preparations (Lu et al. 2003,
2005; Wang et al. 2013a; Bai et al. 2014), indicating that
ADP binds about 10 times more strongly than ATP to the
nucleotide binding site of myosin in cardiac muscle fib-
ers. D=[MgADP] in the presence of CP/CK is <0.02 mM
(Kushmerick et al. 1992), but we used D=0.02 mM to indi-
cate the upper limit of the associated state (X,=(AMD)).
However, the exact values for K, and D do not matter much,
because X,=K,DX,, which is a small value compared to X,
which itself is small (<2%, Fig. 7A). Errors were propa-
gated based on SEM for each kinetic constant. This plot
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Fig.8 Effect of pCa, where pCa=—log,,[Ca**]. A on Tension, and
B on Stiffness (Y,). Each pCa-tension (or stiffness) curve was fit-
ted to Eq. 7 (Eq. 8), followed by subtracting T} (¥;) and dividing
the result by T, (Y,.). The data were then averaged for 13 experi-
ments and plotted with SEM. C Tension vs. Stiffness plot of the same
data. The straight line is drawn to show the equality, and it is not the
regression line. Some SEM error bars are smaller than the symbol
size and cannot be seen
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Table 4 Results of the pCa study at 5 mM MgATP, 8 mM Pi, and

200 mM IS

Preparations

Parameters

Flash-frozen/cryo-
sectioned

This report

Ordinary skinned

Xi et al. (2022)

Based on Tension
pCasy, Ca®* sensitivity
ny, cooperativity

T, maximum tension
cc, coefficient of cor-

5.576+0.031 (13)
4.6+0.4 (13)

14.5+2.3 kPa (13)
0.984+0.006 (13)

5.602+0.025 (24)
4.0+0.4 (24)

relation
Based on stiffness
5.584+0.027 (13)
4.9+0.5(13)
0.48 +0.06 MPa (13)
0.991+0.003 (13)

pCasyy, Ca®* sensitivity

nyy» cooperativity

Y,.» maximum stiffness

cc, coefficient of cor-
relation

The mean, SEM, and the number of observations are shown

The data were fitted to Eq. 7 (Tension) or Eq. 8 (Stiffness) by using
a program developed in our laboratory, F_pCaTS.exe for both ten-
sion and stiffness. There was no significant difference in pCas, or ny
values regardless whether the tension or the stiffness data were used.
Total number of data points: 100 each of tension and stiffness

demonstrates that most of the CBs are distributed among the
detached states (Det, X3,: 34%), and in the strongly attached
states before (AM*ADP.Pi, Xs: 34%) and after (AM*ADP,
X,: 21%) the Pi release Step 5 (total is Xs4: 55%). The distri-
bution of CB states in AM.ADP, AM, and AM.ATP (total is
Xo12: 11%) is small. These are the states that exist after work
performance. The force generating or force bearing (strongly
attached) states (X,,,) are the summation of X;;, and Xs.

Comparison to ordinally skinned cardiac fiber
preparations

To compare the current results with ordinary preparations,
the data published in (Xi et al. 2022) are most suitable,
because experiments were performed by the same person
(JX) with the same experimental apparatus and under the
same experimental conditions on C57BL/6 mouse cardiac
preparations. These data are listed in Table 2 and 3 after
averaging the results for females and males. The results
show that rigor and active stiffness (elastic modulus) in fro-
zen preparations were each reduced to about 1/2. The stiff-
ness decreased more than tension, resulting in an increase in
the tension:stiffness ratio (Table 2). Changes in the apparent
rate constants (2zb and 2xc) are almost negligible (Table 2).
Changes in the kinetic constants of the elementary steps are
almost none (Table 3). The CB distribution was calculated
similar to Fig. 7A, and plotted in Fig. 7B. This plot demon-
strates that the CB distribution is identical between frozen
and ordinary preparations.
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pCa-tension study and Ca?* sensitivity

This was carried out as described in the Methods section
and as depicted in Fig. 2D. The results are plotted as dis-
crete points in Fig. 8A. There was no noticeable active ten-
sion at pCa 8.0-6.5, and the muscle was relaxed. Tension
increased in a sigmoidal manner as [Ca?*] was increased
(pCa: 6.0-5.5), and it reached saturation by pCa 5.30-4.55.
The pCa-tension curve was fitted to the Hill equation (Eq. 7)
(Hill 1910) using a program developed in our laboratory,
F_pCaTSc.exe, which minimizes the sum of squares by per-
forming a two-dimensional search for Cas, and ny. T} - and
T, are linear to Tension, hence ordinary linear fitting was
used.

act

1+ ( Cas, )"H @)

[Ca**]

Tension = T +

where T} - =low [Ca”*] tension during relaxation for pCa
8.0-6.5 measured on the chart paper, T, =the amount of
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Fig.9 Effect of [Ca®*] (linear scale) on exponential Process B. A on
the apparent rate constant 2rb, and B on the magnitude B. Before
averaging, B was normalized (divided) by Y, of the standard activa-
tion. The average of 12 measurements with SEM are shown. Lines
are drawn by eye to show the trend of the data
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Fig. 10 Effect of [Ca**] on exponential process C. A on 2mc, and B
on magnitude C. The data were similarly treated as in Fig. 9. The unit
of Cis Y,. Lines are drawn by eye to show the trend of the data

act®

tension activated by Ca®*, Cag,=[Ca**] at 50% T,.,, and
ny=cooperativity (Hill coefficient). Cas, is the apparent
Ca’* dissociation constant, and pCas,=—log,,Cas, is called
“Ca sensitivity.” Each pCa-tension curve was first fitted to
Eq. 7 to determine T; ¢, T, Casp, and ny for each experi-
ment. This procedure was followed by subtracting T - from
tension data, and then dividing the result by T, , for normali-
zation. The normalized data were then averaged for multiple
pCa-tension measurements and plotted in Fig. 8A with SEM.
The averaged fitted parameters are listed in Table 4. Ca®*
sensitivity (pCas,) was found to be 5.576 +0.031 (N=13),
with cooperativity (ny) of 4.6 +0.4, and active tension (T,
of 14.5+2.3 kPa. The averaged coefficient of correlation
was 0.984 +0.006. The curved line is the theoretical curve
based on Eq. 7 with best fit parameters. As seen in Fig. 8A,
Eq. 7 explains the pCa-tension data well. The results are
compared to those obtained from ordinary skinned fiber
preparations (Table 4). This comparison demonstrates that
Ca”" sensitivity and cooperativity are respectively not any
different between frozen and ordinary skinned preparations.
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Fig. 11 Effect of Ca** on exponential processes. A on the sum
2nb+2mnc. Line is drawn by eye to show the trend of the data. B

Effect of Ca** on H and Y,, with the unit ¥, Lines are drawn to con-

nect data points. Y, is the same data as those plotted in Fig. 8B in log
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pCa-stiffness results

The pCa-tension data were sometimes scattered, which was
mostly caused by the shape of the meniscus of the pin that
connects muscle fibers to the tension transducer; we measure
small force ~ 1 pN (about 0.1 mg-wt force). With our method,
each pCa solution is kept in a different muscle chamber,
hence the preparation and the pins have to cross the menis-
cus each time the solution is changed; a small variation in the
shape of the meniscus interferes with the force measurement.
In contrast, stiffness (Y,,) is less sensitive to surface tension
and often yields better results. For this reason, the pCa-stiff-
ness data were processed similarly to the tension data. An
equation similar to Eq. 7 was used to fit the stiffness data to
find Yy ¢, Y,» Casgy, and nyy using a program developed in
our laboratory, F_pCaTSc.exe (described above):

act

(G ) ®)

[Ca**]

Stiffness = Y; - +

@ Springer

This fitting yielded pCasyy=5.584 +0.027,
ngy=4.9+0.5, Y,,=0.48+0.06 MPa, and coefficient
of correlation=0.991+0.003 (N=13) (Table 4). Conse-
quently, the fitting was slightly better with stiffness than
with tension. Statistically, pCasyy and nyy values are not
significantly different from the respective values of pCas,
and ny obtained from the tension data. Figure 8B shows the
averaged result from the stiffness data and the theoretical
curve based on Eq. 8. From these results it can be inferred
that Eq. 8 fits the stiffness data well, indicating the appro-
priateness of Eq. 8 for describing pCa-stiffness data. Fig-
ure 8C shows Tension vs. Stiffness plot of the same data,
demonstrating that these are approximately proportionately
related under the experimental conditions we used. These
results justify the use of the pCa-stiffness data to evaluate
Ca®* sensitivity and cooperativity. In this report, magnitude
parameters (H, B, C, Y) are normalized (divided) by the
Y, of the standard activation, where Y, is experimentally
nearest Y at pCa 4.55, 5 mM MgATP, and 8 mM Pi, and
is defined by Eq. 8. Consequently, the unit of magnitude
parameters is Y.

CB kinetics as the function of [Ca®*]

We carried out sinusoidal analysis during the pCa study,
and the kinetic parameters are summarized in Figs. 9-11.
The apparent rate constant 2nb is plotted in Fig. 9A,
and 2nc is plotted in Fig. 10A using the linear [Ca*']
scale in pM. The straight lines were entered by eye to
show the trend of the data. The data in Fig. 9A did not
fit to a typical hyperbolic saturation equation because of
the sharp inflection point in the data at~5 pM [Ca*].
This inflection divides the data into two sections: 5
points for [Ca®*] <5 uM (rising phase), and 3 points for
[Ca®*]>5 uM (saturation phase: three points are not sig-
nificantly different). The rising phase of 2nb appears to
extrapolate to the origin (Fig. 9A). A similar trend is seen
with magnitude parameter B (Fig. 9B), but the line of the
rising phase does not go through the origin. In principle, B
should have a positive (or 0) intercept as [Ca’*] — 0 (see
below); hence, the plot must be curved near the origin. All
the magnitude parameters (H, B, C, Y) are divided, or
“normalized,” by the Y, (defined by Eq. 8) of full activa-
tion at pCa 4.55, 5 mM MgATP, and 8§ mM Pi.

As [Ca2+] was increased, the apparent rate constant 2nc
(Fig. 10A) decreased at [Ca*f1<5 puM, and was saturated at
[Ca**]>5 pM. At the same time, magnitude C (Fig. 10B)
increased steeply at [Ca’*] <5 pM and approached satura-
tion at [Ca®*] > 5 pM; this latter effect was similar to that of
magnitude B in Fig. 9B. The sharp increase in 2xb and the
decrease in 2znc appear to be a mirror image, so their sum
2nb + 2mce was calculated and plotted in Fig. 11A. This plot
shows that the sum is almost constant, except for the lowest
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[Ca®*] point at 1.58 uM. Figure 11B plots magnitude H and
Y. Both plots show the normal saturation curves, except at
a very low [Ca**]. In principle, these magnitude parameters
(H, B, C, Y,)) should have a zero (0) intercept as [Ca2+] —
0 (no activation), similar to the pCa-tension plot (Fig. 8A);
thus, the plots must be curved for [Ca®*] between 0 and
1.58 pM.

Discussion

Advantages of flash-frozen and cryo-sectioned
preparation for biomechanical studies

We have used flash-frozen and cryo-sectioned cardiac mus-
cle preparations to examine its usefulness in biomechanical
study. We examined the functional integrity of the prepara-
tions by studying force transients in response to sinusoidal
length changes and by following concomitant elastic and
viscous responses in a force—time course at varying frequen-
cies. We have shown microscopic images of such prepara-
tions to demonstrate structural integrity (Fig. 1). We used
70-pm-thick and 50-100-pm-wide preparations to study
cross-bridge (CB) kinetics; we activated the preparations
by saturating Ca®>* and varying concentrations of ATP and
phosphate (Pi). Our results demonstrate excellent CB kinet-
ics with reduced noise and well-defined exponentials, which
are better than results collected from ordinary skinned fibers.
There are two advantages of using this preparation. First,
samples prepared using this technique are easier to handle
than single myofibrils. Second, the prepared muscle strips
are uniform in both cross-sectional area and perfusion effect,
which allows for accurate and reproducible biomechanical
measurements, in contrast to ordinally skinned preparations.
This feature is especially valuable for kinetic studies of a
cardiac muscle preparation. This preparation was introduced
recently by Feng and Jin (2020). It promises to offer the
features of muscle prepared using uniform cross-sectional
areas, and the prepared muscle samples are easy to transport
and exchange among collaborating laboratories around the
world.

Comparison to ordinary skinned fibers

Our results are compared to those of ordinary skinned fiber
preparations from mouse papillary fibers recently published
by (Xi et al. 2022). The most notable effect with flash-fro-
zen and cryo-sectioned preparation is that, during rigor
and during activation, stiffness (Young’s elastic modulus)
decreased to about 1/2 that of ordinary skinned preparation
(Table 2), doubling series compliance. In comparison, the
effect on active tension was less, and it decreased to 62%

(=16.3/26.3), resulting in an increase in the tension:stiffness
ratio (Table 2). The primary reason for the reduced active
tension must be related to the decrease in series stiffness,
because the elementary force generated in Step 4 and series
stiffness are proportionately related (Zhang et al. 2021).
In spite of these changes, CB kinetics are not very much
affected by freezing (Table 2 and 3), which results in little
difference in CB distribution (compare Fig. 7A vs. B). Ca>*
sensitivity or cooperativity is not affected at all (Table 4).
Our results demonstrate that the basic contractile function is
not altered by flash-frozen and cryo-sectioned preparations,
suggesting that the CB’s converter domain is little affected
by freezing.

Change in series compliance.

The series compliance includes CBs, thick and thin fila-
ments, and Z-line, and it may have a contribution from titin
(connectin), but it is not immediately apparent which one of
these is responsible for the change. It is likely that the major
effect is on CB compliance (such as lever arm). If the effect
is outside of CBs (such as the thin filament), then CB cycles
many times to stretch series compliance to the point of high
force. Because series compliance is generally nonlinear, and
stiffness increases at larger stretch, force may not diminish
as observed.

Piroddi et al. (2007) studied fresh and frozen myofibrils
from human hearts (both atria and ventricles) during Ca**
activation, and did not find any changes in kinetic parameters
ko> kg, Or slow and fast kgg; . Their results are consistent
with ours in that the kinetic constants are not affected by
freezing (Table 2 and 3). Jalal and Zidi (2018) studied a
large block (12 3.5%x 6 mm, or 10 mm cube) of porcine
bicep femoris muscles and compared fresh vs. cryopreserved
(frozen) preparations. They found that longitudinal Young’s
elastic modulus was smaller (about 1/2) in frozen prepara-
tions compared to that of fresh preparations upon stretching.
This result is consistent with our results that the stiffness is
about 1/2 of ordinally skinned preparations. But the condi-
tion of their preparation, in particular, the degree of rigor
development (or activation) was not assessed, which would
make a large difference in results.

There may be yet another possibility that some muscle
fibers were cut obliquely (or completely) during the cryo-
sectioning process, consequently, the number of active fibers
may be reduced resulting in a decreased tension and stiff-
ness. We have minimized this possibility by (1) aligning the
cryo-sections along the fiber direction and eliminating sec-
tions with cut fibers, and (2) by objectively selecting fibers
with tension reproducibility of >90% (cut fiber preparation
would have deteriorated quickly with a few activations).
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CB kinetics of cryo-sectioned preparations

In contrast to ordinary skinned fibers, we were able to
obtain high-quality data that fit well to a simple two-expo-
nential process model (Eq. 1 and Fig. 3), in particular, at
a high frequency range, where Process C is resident. Con-
sequently, Process C is better defined in the flash-frozen
and cryo-sectioned preparations than in ordinary skinned
preparations. Similar improvement in the quality of Process
C was observed with single myofibril experiments (Kawai
et al. 2021). Evidently, the order of the simplification of
preparations is: whole muscle > muscle strips > muscle fib-
ers > cryo-sectioned preparations > myofibrils. Thus, gradual
improvement of Process C must be related to the simpli-
fication of the preparation—which suggests to us that the
extracellular matrix (ECM) is a major cause of the distortion
of Process C. The ECM includes sarcolemma and associ-
ated collagen fibers, as well as blood vessels and other ECM
molecules and structures. It is easy to imagine that these
structures interfere with the fast Process C, making it appear
as a distributed rate constant, because water molecules have
to move in and out of ECM elements as the fiber length is
oscillated, thus serving as an extra damping element.
Process C corresponds to Phase 2 of step analysis, and
these two methods observe the same molecular events, or
elementary steps, in the CB cycle. In fact a possibility of
existence of multiple exponential processes was suggested
by several investigating groups. Abbott and Steiger (1977)
and Kawai et al. (1993) fitted this phase to two exponentials,
while Ford et al. (1977) fitted this phase to four exponen-
tials, all in fast twitch fibers. The observation of the multi-
ple exponentials is universal whether based on step analysis
(Abbott and Steiger 1977; Ford et al. 1977) or on sinusoidal
analysis (Kawai et al. 1993), and not because of nonlinearity
involvement of force response at large step amplitudes. The
results from these preparations were likely mixed with the
effects from passive components such as ECM, as discussed
above and as proposed by Abbott and Steiger (1977).

Elementary steps of the CB cycle

One positive aspect is that we were able to deduce the same
CB model (Fig. 4) regardless whether cryo-sectioned cardiac
strips or ordinary skinned fibers were used (Table 2 and 3,
Fig. 7). This fact confirms the universality of the proposed
CB model shown in Fig. 4 and experimentally measured rate
constants of elementary steps. By comparing stiffness data
during standard activation (0.53 +0.04 MPa, Table 2) and
in rigor (1.01 +0.06 MPa), it can be concluded that about
52+9% (=0.53/1.01 with error propagation) of CBs are
made during standard activation. This number compares
well to the distribution of CBs at X5, (54 + 6%, Fig. 7A),
which includes the AM*ADP.Pi (AM*DP) and AM*ADP
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(AM*D) states and is calculated based on the kinetic con-
stants measured in this report (Table 3). The attached CBs
may include other strongly attached states (AM.ADP, AM,
and AM.ATP), but their sum (X,,) is 11 +1% (Fig. 7), and
they do not significantly change the results.

Because of the presence of series stiffness, the estimate of
CB numbers based on stiffness becomes less sensitive when
a larger number of CBs are formed, such as in the rigor con-
dition. In other words, the CB number at rigor state based on
stiffness may be an underestimate. Consequently, our esti-
mate of attached CBs during standard activation (52 +9%)
is an upper limit, and the actual number may be less. The
effect of series stiffness was analyzed by (Wang and Kawai
1997, Pinzauti et al. 2018).

What is important here is that the number of attached CBs
is not as small as the 5%—10% that was estimated from the
duty ratio using in vitro motility assay experiments (Harris
and Warshaw 1993; Webb et al. 2013). The in-vitro experi-
ments were performed when the contractile proteins were
not tightly packed as in the structured muscle fiber system,
hence they may lack allosteric interactions between macro-
molecules. It is possible that the presence of tight molecular
coupling in a fiber system makes a difference from that in an
in vitro system. The ionic strength of the activating solution
is much less in in vitro assays (<50 mM) compared to fiber
studies (~200 mM), which may also make a difference.

Partial Ca* activation and its effect on Process B

Our results demonstrate that regardless whether active ten-
sion or stiffness is used, we arrive at the same Ca2* sensi-
tivity and cooperativity results (Fig. 8A and B, Table 4).
This fact is convenient when the tension data are not as
reliable as the stiffness data at a small force level 1 pN
(about 0.1 mg-wt force), where the shape of the meniscus
interferes with force measurements. This fact implies that
tension and stiffness are proportionally related approxi-
mately, as sown in Fig. 8C. However, the proportionality
of these parameters depends on the experimental condi-
tions, and tension and stiffness are not necessarily propor-
tionally related in all conditions: Tension:Stiffness ratio is
3.21+0.14%L, during standard activation (pCa 4.55), but
itis 2.18 +0.10%L,, during rigor (Table 2). The ratio is the
reciprocal of the slope of Fig. 8C before normalization.
In partial Ca®* activation, it is interesting to note
that, as [Ca®"] is decreased below 5 puM, the rate con-
stant of Process B (2nb) decreases (Fig. 9A), whereas
that of Process C (2nc) increases (Fig. 10A), therefore,
the two exponential Processes B and C become further
apart and more dissociated. This fact implies that Pro-
cesses B and C represent two different molecular steps,
as has been hypothesized (Kawai and Halvorson 1991).
The correlation between Process C and the detachment
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step is demonstrated by the ATP study on 2nc (such as in
Fig. 5). The correlation between Process B and the force
generation step is demonstrated by the Pi study on 2nb
(such as in Fig. 6). Our earlier assumption that Process B
represents the force generation step (Kawai and Halvorson
1991) is consistent with the result of the pressure-release
experiment (Fortune et al. 1991), caged Pi experiment
(Dantzig et al. 1992; Walker et al. 1992), and single mol-
ecule experiment (Woody et al. 2019).

What is interesting is that, at a low Ca®* activation (at
the rising phase of the pCa-tension curve), a plot of [Ca®*]
vs. 2xb is linear, and it goes through the origin: 2nb is
proportionate to [Ca*t] (Fig. 9A). As discussed above, 21tb
represents the force generation Step 4 (Eq. 5, Fig. 4). Its
proportionate relationship with [Ca?*] at <5 uM (Fig. 9A)
indicates that the Ca®* activation mechanism can be
approximated by a second order reaction:

ry = r40[Ca2+] 9

This would be an empirical equation to relate the Ca**
activation mechanism to the force generation step; a simi-
lar mechanism was proposed by Julian (1969) and r,, was
called as the “activation factor”. For [Ca’"]> 5 uM, this
activation mechanism approaches saturation (Fig. 9A).
Actual activation starts from Ca?* binding to TnC, and
continues with subsequent intermolecular interactions
with Tnl, TnT, Tpm, actin, and myosin, which are tightly
coupled and strongly allosteric. These in turn result in a
steep pCa-tension (or pCa-stiffness) relationship (Fig. 8),
with the Hill coefficient (ny;) amounting to 4-5 (Table 4).
Compared to this high order coupling, the mechanism
expressed in Eq. 9 is a very simple relationship between
[Ca®*] and the rate constant of force generation step
(r4), and may be useful for modeling the Ca’* activation
mechanisms.

Effect of Ca%* on Process C

The apparent rate constant 2znc represents the CB detach-
ment Step 2 (Eq. 4, Figs. 4 and 5) (Kawai and Halvorson
1989). Because the effect of [Ca®*] on 2xc is relatively small
(Fig. 10A) compared to that on 2nb (Fig. 9A), we conclude
that the major effect of Ca®* is on Process B, and its effect
on Process C may be secondary and can be caused by the
interaction with its effect on Process B. Consequently, we do
not state that [Ca®*] affects CB detachment Step 2, nor that
detachment is lessened as [Ca*'] is increased up to 5 pM.
The fact, that their sum (2nb + 2nc) does not vary much
for most of the [Ca®*] studied (Fig. 11A), suggests that the
effect of Ca®* on Process C may be indeed secondary. The
fact that 2xc decreases when [Ca®*] is increased does not
support the model proposed by (Huxley and Simmons 1971;

Huxley 1974) that Phase 2 of the tension transient in step
analysis (Process C in sinusoidal analysis) represents the
force generation step.

Effect of Ca®* on magnitude H
and the low-frequency component

The magnitude parameter H is a constant in Eq. 1, which is
the elastic modulus extrapolated to the zero frequency (f —
0). In cardiac preparations, such as that used in this report,
H has a substantial value (Fig. 11B) amounting to 40% of
Y, (Table 2). Furthermore, we found that H is [Ca’*] sensi-
tive (Fig. 11B) and becomes activated, similar to tension or
stiffness, and as in the case of magnitudes B and C (Figs. 9B
and 10B). Thus, H must have a molecular origin stemming
from the activation mechanism, which is common to all
magnitude-related parameters (H, B, C, Y, and tension).
This situation is quite different from that of fast twitch skel-
etal muscle fibers, in which H is a small constant (Kawai and
Brandt 1980) and may have little meaning.

Magnitude H is a low-frequency component, and it
likely includes Process A observed in fast twitch skel-
etal fibers (Kawai and Brandt 1980). While Process A is
absent in experiments with cardiac preparations performed
at <25 °C, Process A emerges at higher temperatures
(=30 °C) (Lu et al. 2006). It is possible that H includes
the effect of Process A when this is not visible. Process A
correlates well with the ATP hydrolysis rate (Wang and
Kawai 2013); hence, it may represent Step 6 in Fig. 4 with
the rate constant ry, which is the slowest step in the CB
cycle (Kawai and Zhao 1993). Because force is generated
at Step 4 before Pi release (Step 5), and Step 6 is slower
than Steps 4 and 5, it is likely that work performance takes
place at Step 6. Movement generation requires a transfer
of momentum, which takes a substantial amount of time
(Kawai and Zhao 1993).

Conclusions

In conclusion, our studies demonstrate the usefulness of
flash-frozen and cryo-sectioned cardiac muscle prepa-
rations and that we obtained excellent kinetic data with
many meaningful insights into the molecular mechanisms
of contraction. Furthermore, our studies demonstrate that
Process C represents CBs undergoing detachment (Step 2),
that Process B represents CBs performing force generation
(Step 4), and that magnitude H represents CBs performing
work (Step 6). The magnitude parameters (C, B, H) are
primarily related with CB numbers in each state, hence
flux (transition) between states. Their levels are activated
by Ca?* in a cooperative manner resulting in a large Hill
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coefficient of 4—5. The effect of Ca’>* on the rate constant
of the force generation step can be approximated by a sec-
ond order reaction (Eq. 9).
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