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ABSTRACT: In striated muscle, calcium binding to the thin
filament (TF) regulatory complex activates actin—myosin
ATPase activity, and actin—myosin kinetics in turn regulates
TF activation. However, a quantitative description of the
effects of actin—myosin kinetics on the calcium sensitivity
(pCas) and cooperativity (ny) of TF activation is lacking.
With the assumption that TF structural transitions and TF—
myosin binding transitions are inextricably coupled, we
advanced the principles established by Kad et al. [Kad, N,, et
al. (2005) Proc. Natl. Acad. Sci. U.S.A. 102, 16990—16995] and
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Sich et al. [Sich, N. M,, et al. (2011) J. Biol. Chem. 285, 39150—39159] to develop a simple model of TF regulation, which
predicts that pCag, varies linearly with duty ratio and that ny is maximal near physiological duty ratios. Using in vitro motility to
determine the calcium sensitivity of TF sliding velocities, we measured pCas, and nyy at different myosin densities and in the
presence of ATPase inhibitors. The observed effects of myosin density and actin—myosin duty ratio on pCag, and ny are
consistent with our model predictions. In striated muscle, pCag, must match cytosolic calcium concentrations and a maximal nyy
optimizes calcium responsiveness. Our results indicate that pCasy and nyy can be predictably tuned through TF—myosin ATPase
kinetics and that drugs and disease states that alter ATPase kinetics can, through their effects on calcium sensitivity, alter the

efficiency of muscle contraction.

alcium activation of striated thin filaments (TFs) is a

highly regulated process critical for proper muscle
function; however, knowledge of how myosin ATPase kinetics
affects this regulatory process is relatively limited. TFs are
activated by both calcium binding to the regulatory protein
complex and myosin binding to actin."~* When calcium binds
to troponin-C (TnC), the C-terminal region of troponin-I
moves from a binding site on actin to the open E-F hands of
TnC, allowing the tropomyosin—troponin regulatory complex
to move away from myosin binding sites on the TE.*”® The
partially blocked, calcium-induced state becomes fully active
when myosin binding further displaces the regulatory complex
from myosin binding sites on actin.'”'"

Nearly 40 years ago, it was shown that TFs are activated by
rigor myosin crossbridges.'> This phenomenon was again
demonstrated using NEM-modified myosin S1."*'* More
recently it has been shown that changes in actin—myosin
attachment kinetics and changes in the number of myosin
heads available to bind a TF also influence TF activation.>~"”
These studies all suggest that rate constants for intermediate
steps in the TF—myosin ATPase cycle influence the regulation
of striated muscle mechanics, yet a concise relationship among
calcium sensitivity (pCagp, pCa at half-maximal velocity),
cooperativity (ny, Hill coefficient), and ATPase kinetics has
yet to be defined.
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Conventional models describe TF activation though a series
of TF structural transitions that are temporally separated from
actin—myosin biochemical transitions."”'® For example, the
three-state model of McKillop and Geeves'® (Figure 1, solid
arrows) describes biochemical transitions (left to right) that
occur only within a given TF structural state (top to bottom).
This formal separation of TF structural transitions from TF—
myosin kinetic transitions allows one to incorporate structural
data into kinetic models. However, in the absence of accurate
descriptions of the interplay between TF and myosin structural
dynamics, these models remain unconstrained by poorly
defined structural parameters. Attempting to improve these
models by adding more structural states or by introducing
dynamics to one protein in the system increases the number of
unconstrained parameters in the model.

Chemical kinetics implicitly deals with protein structural
dynamics; by defining only chemical (not structural) states, our
simple model of TF regulation (Figure 1, dashed arrow) avoids
the challenge of formally untangling chemistry and structure.
According to this model, TF activation occurs with a single
kinetic step that implicitly accounts for all TF (and myosin)
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Figure 1. Sequential vs simple models of TF activation. According to
sequential models, TF structural transitions (vertical arrows) are
formally separated from TF—myosin biochemical transitions (hori-
zontal arrows). Here three structural states (blocked, closed, and
open) and three biochemical states (detached, weakly bound, and
strongly bound) are illustrated. In a simple model (developed here),
TF—myosin binding is modeled as a single kinetic transition (---) that
implicitly deals with all TF structural changes associated with TF—
myosin binding. Although here we assume only two chemical states,
the weak-binding intermediate can be incorporated into a simple
model by defining the rate of weak binding as a function of calcium
and the number of weakly bound myosin heads.

structural changes associated with crossbridge formation
(Figure 1, dashed arrow). Here we treat the weak-binding
state (Figure 1, A:M) as an intermediate in a single TF—myosin
strong binding step. The effective rate constant, k,,, for this
step (Figure 2A) is influenced independently by calcium
(Figure 2B) and myosin strong binding (Figure 2C).

The simple model was first described by Kad et al,'s and the
effects of calcium were subsequently incorporated."” In both
studies, we assumed that strong binding of a single myosin head
fully activates the thin filament (Figure 2C, constitutive).
Because myosin is known to cooperatively activate the TF,"
the purpose of this investigation is to extend the method of Kad
et al, and subsequently Sich et al,, by incorporating myosin-
based cooperative activation. A second goal is to use computer
simulations based on this model to establish relationships
among pCas, 1y, and TF—myosin ATPase kinetics.

Our simulations show that ny varies with myosin dutg ratio,
1, yielding a maximal value near physiological duty ratios. O This
change in ny need not result from a change in calcium—TnC
affinity, as is often assumed,'*'™** but can be caused by
myosin-based activation (Figure 2C) alone.

We have previously shown that myosin ATPase kinetics
mediates pCasg,'” but we failed to establish an expression for
pCay, as a function of ATPase kinetics. The observation that
ATPase kinetics influences pCag, implies that the contractile
component in muscle models cannot be treated as a black box
that passively responds to calcium. A clear expression relating
pCayy and ATPase kinetics is needed. Here, our simulations
show a simple relationship between ATPase kinetics and pCayy.
Specifically, pCasy varies linearly with the product of the actin—
myosin duty ratio, r, and the number, N, of myosin heads
available to bind the thin filament.

We use in vitro motility (IVM) to test these relationships. We
measured the calcium dependence of the velocity, V, at which
TFs are propelled over a bed of skeletal myosin in the presence

6438

A. Ko ([Ca211, Ny)
TF-My, +My E—=>" TF-My , +My,
“det
B. ]
att
C e Constitutive Activation
att "
k) |- e
' Cooperative Activa 10
i i
(0] '
o !
< :
oo |
& |
basa/-“i ‘ X
0 1
N, N

b

Figure 2. Combined effects of calcium- and myosin-dependent
activation. (A) We propose a simple two-state binding reaction in
which the rate of TF—myosin dissociation, k., dictates TF sliding
velocity and ky, is a function of both Ca** and the number of myosin
heads bound (N,) to a TF. My represents the pool of free myosin, and
My, represents myosin strongly bound to a TF. (B) We assume that

the rate of TF—myosin binding, k,, has a Ca** dependence that
follows the Hill equation (—). We assume a basal rate, ki, of
activation in the absence of calcium and TF-bound myosin. We
assume that the maximal calcium-induced activation is a fraction, f,, of
the maximal rate constant, k., for TF—myosin binding. K¢, is the
calcium dissociation constant for the TnC—Ca®* species in the absence
of myosin. (C) Previously,'” we assumed that ky, (--) was
constitutively activated by myosin binding (complete TF activation
when N, > 0). Here we assume that k,," increases smoothly with Ny,
(—), reaching a half-maximum at N, = Nj/, and a maximum of f, k.
in the absence of calcium (--). When both f,, and f. are <1, both

calcium and myosin are needed for maximal activation.

of myosin ATPase inhibitors (to vary r) and at different myosin
surface densities (to vary N). We show that the experimentally
observed Nr dependencies of pCag, and ny; are consistent with
model predictions.

In striated muscle, the pCasy must be comparable to the
calcium concentration in the myocyte cytoplasm during
contraction, and maximizing TF cooperativity minimizes the
amount of calcium that needs to be pumped out of the
cytoplasm during relaxation. However, little is known about the
factors that optimize pCasy and ny in striated muscle. Our
results indicate that pCag, varies linearly with Nr and that ny
reaches a maximal value at a duty ratio consistent with that
measured for skeletal and cardiac myosin. These results suggest
that disease states that alter actin—myosin ATPase kinetics may
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indirectly affect calcium responsiveness and thus the energetics
of calcium regulation in muscle cells. Proteins and protein
modifications that influence actin—myosin ATPase kinetics may
provide compensatory mechanisms.

B MATERIALS AND METHODS

Protein Preparations. Skeletal muscle myosin was
prepared from rabbit psoas as previously described and stored
in glycerol at —20 °C.***” Actin was purified from rabbit psoas
and stored on ice at 4 °C.*® For in vitro motility assays, 1 M
actin was incubated with 1 uM tetramethyl-thodamine
isothiocyanate (TRITC) phalloidin overnight at 4 °C.
Troponin and tropomyosin (TmTn) were 0puriﬁed from rabbit
skeletal muscle as previously described.””*° Actin (1 M) was
incubated with 100 nM TmTn for 10—15 min prior to use.

Buffers. Myosin buffer contained 300 mM KCl, 25 mM
imidazole, 1 mM EGTA, 4 mM MgCl,, and 10 mM DTT. Actin
buffer contained 50 mM KCl, 50 mM imidazole, 2 mM EGTA,
8 mM MgCl,, and 10 mM DTT. For all motility experiments,
motility buffer (25 nM TmTn, 50 mM KCl, 50 mM imidazole,
2 mM EGTA, 8 mM MgCl, 10 mM DTT, and 0.5%
methylcellulose) was used at 1 mM ATP. An 80% (w/v, 2.34
M) sucrose stock solution was made by slowly dissolving
sucrose [>99.5% pure (Sigma-Aldrich, St. Louis, MO)] in
distilled water. Amrinone (Sigma-Aldrich) was prepared in 0.5
M lactic acid at a concentration of 214 mM, as previously
described.>" Motility buffers were brought to pH 7.4 using
NaOH. All solutions except myosin buffer contained an oxygen
scavenger (~6 mg/mL glucose, 0.03 mg/mL glucose oxidase,
or 0.05S mg/mL catalase) that was added immediately prior to
imaging to minimize pH changes due to the oxidation of
glucose to gluconic acid.*

In Vitro Motility Assay. The sliding velocity of
fluorescently labeled thin filaments over a bed of myosin
molecules was measured at 30 °C, as previously described."®
Myosin (25 and 100 pg/mL) in myosin buffer was adhered to a
nitrocellulose-coated glass surface. Nonspecific binding of
protein to the surface was inhibited with bovine serum albumin
(0.5 mg/mL). Labeled actin (as reconstituted thin filaments)
(approximately 10 nM) was next added, followed by motility
buffer. The pCa of the motility buffer was varied as a function
of free calcium using Bathe Software to calculate calcium
concentrations. To vary myosin density, the concentration of
myosin in the myosin buffer was varied as previously
described.'® 1t is estimated that there are 2092 heads/um? at
100 pg/mL, where at 25 pg/mL there are approximately 700
heads/um?2*°

Motility assays were performed using a Nikon TE2000
epifluorescence microscope with fluorescence images digitally
acquired with a Roper Cascade S12B camera (Princeton
Instruments, Trenton, NJ). For each flow cell, we recorded
three 30 s image sequences from three different fields, each
containing 20—40 actin filaments. Data obtained from these
three fields constituted one (n = 1) experiment.

Image Tracking. The image capture rate was adjusted for
the observed velocity. Fast phase velocities (V > VpCaso) were

captured at 10 fps (frames per second). Slow phase velocities
were captured between S and 10 fps, depending on the
condition. For each image sequence, objects were segmented
from the background using binary threshold and their positions
were calculated using SimplePCI Software for Image
Acquisition and Analysis (Hamamatsu Corp., Sewickley, PA)
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IPA-MTA (Motion Tracking and Analysis) centroid algorithm.
Intersecting trajectories were excluded from the analysis. Noisy
filament movements (i.e., filament reptation) were mitigated
and excluded where possible via a minimal displacement
threshold of S ym over a 30 s window. The lower-resolution
limit of ~0.15 um/s and ~3% motile filaments were
determined from zero calcium (i, nonmotile) conditions
and used to filter smoothly moving filaments (Table 1).

Table 1°
% motile at
Ca 4 % motile at
+SD) pCa 7 (£SD) pCagy (£SE)  ny (£SE)
control 62.7 + 4.6 24 + 1.5 6.03 + 0.04 27 + 04
60 mM 38.6 + 8.0 23+ 06 6.1+ 0.1 2.0 + 0.9
sucrose
120 mM 58.6 + 6.5 0.6 + 0.3 5.85 + 0.03 1.3 +£04
sucrose
2 mM 394 +79 6.5 + 28 6.06 + 0.09 23+ 09
amrinone
4 mM 455 +79 199 + 103 6.5+ 0.1 13 + 04
amrinone
4 mM 49.6 + 0.7 4.19 + 0.08 5.9 + 0.06 3.0+ 0.8
amrinone
and 120 mM
sucrose
4m amrinone 43.5 £ 3.7 029 + 0.14 59 +0.1 35+ 14

and reduced

myoinositol
“The fraction of smoothly motile filaments was determined using a
minimal displacement threshold and the lower limit of resolution from
image analysis (see Materials and Methods). Expectedly, addition of
amrinone increases the fraction of moving filaments at low calcium
concentrations (pCa 7), while addition of sucrose reduced the fraction
of motile filaments. Calcium sensitivity and cooperativity values are
enhanced when compared to V—pCa analysis, which is commonly
observed with this analysis;** however, the trends in pCay, and ny
changes are consistent with V—pCa analysis (Figure 6 and Table 2).

Simulations. A Markov chain Monte Carlo simulation was
implemented in C++; the code was compiled with the GNU C
++ compiler, and the simulations to reduce computation time
were run on a cluster composed of Sun Fire X4100, X4140,
X4200, and X4600 servers as compute nodes. The simulation
was based on a two-state model (Figure 2A) similar to that
proposed by Huxley.*® Transition probabilities for attachment
of myosin to and detachment of myosin from the TF were
determined from attachment, Nk, (eq 1), and detachment,
kyp kinetic rates, where N is the number of myosin heads
available to bind a TF regulatory unit. V was calculated for all
time steps at which the number of myosin heads strongly
bound to the TF, N, is greater than zero. Each simulated
velocity was obtained from an average of ten 50 s simulations.
The simulation is spatially inexplicit and assumes only one
regulatory unit. The regulatory unit is the minimal length of the
TF modeled by the parameters in eq 1. The simulated calcium
dependence of V was analyzed using a Levenberg—Marquardt
minimization algorithm for the Hill function [V = Vi, + (Vipe

— V. )/{1 + 1008(pCao—pCa)]" )],

Fitting Experimental Data. We used our model to
determine kinetic parameters for experimental V—pCa data
sets as follows. The calcium dependence of V was simulated
over a wide range of k., kg, and N values and analyzed to
obtain values for pCag, nyy, and V. as described above.
Experimental V—pCa relationships were also fit to the Hill

dx.doi.org/10.1021/bi400262h | Biochemistry 2013, 52, 6437—6444
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Table 2
no. of experimental 60 mM 120 mM
simulations control sucrose sucrose
N 10, 30, SO 30 30 30
ke 0—60 30 19 12
(s7* head™)
kpgsal 0.001 0.001 0.001 0.001
(s7! head™)
kgee (s71) 0—1000 375 375 375
N 2 2 2 2
Ke, (uM) 5.5 2 2.5 45
P 2 1.8 1.1 0.85
fe 0.85 0.85 0.85 0.85
S 0.65 0.65 0.65 0.65
Ve (4m/s) 3.36 2.80 2.16
pCayg 5.77 5.59 5.22
- 2.39 145 1.07

2 mM 4 mM 120 mM sucrose and 4 mM N reduction with 4 mM
amrinone amrinone amrinone amrinone

30 30 30 2

30 30 13 30

0.001 0.001 0.001 0.001

300 23S 23S 200

2 2 2 2

1.65 0.7 2.2 2

1.8 1.18 2.35 2.75

0.85 0.85 0.85 0.85

0.65 0.65 0.65 0.65

2.26 2.31 1.83 0.43

5.90 6.40 5.66 5.62

2.37 1.60 3.13 342

“Parameters obtained from model simulations (above empty row) and from Hill fits to experimental data (below empty row). All model parameters
with the exception of Ny, f, and f,, are within the range of reported values.'” N is the number of heads accessible to bind a regulatory unit during
stochastic simulation, and the control value of 30 myosin heads is consistent with previous studies. Myosin attachment (k,) and detachment (ky,)
rate constants for the control are consistent with reported values. The TnC—Ca®* affinity, K¢,, and the cooperative coefficient, p, are consistent with
reported values and were allowed to vary only when changes in TF—myosin ATPase kinetics were not sufficient to account for observed changes in

2,23

2
pCasq or ny.

function (above) to obtain experimental pCas,, myy, and V,,,
values. These experimental parameters were compared with
simulated parameters to obtain a best fit. First, all simulated
data sets having pCay, values that were the same as the
experimental pCas values were selected. Next, from this subset,
all simulated data sets with ny; values that were the same as the
experimental ny; values were selected. Finally, from this subset,
all simulated data sets having V., values that were the same as
the experimental V. values were selected. This typically
resulted in a set of V—pCa curves that were simulated with
similar k., kg, and N values. Each of these parameters was
averaged over all selected data sets to obtain the modeled k,,,
ksp and N values for a given V—pCa experiment.

B RESULTS

We developed a Markov chain, Monte Carlo simulation based
on the two-state model in Figure 2A. The effective rate of TF—
myosin binding (k') for the simulation is defined as a fraction
of a maximal rate of attachment (k) by eq 1:

[Ca®]?

Ny
2+7p p +f
[Ca™™]P + K,

"N, + N,

+ kbasal

(1)

At a low calcium concentration and with no myosin heads
strongly bound to the TF (N, = 0), we assume a basal rate of
myosin attachment, ky,,. The calcium sensitivity of k' is
calculated as a Hill function (Figure 2B), where p is the
cooperative coefficient for calcium binding and K, is the K for
TnC—calcium binding. Although K¢, and p have both been
shown to change with the addition of myosin,**~>* for the sake
of simplicity here we assume that K¢, and p are independent of
myosin activation (Table 2). These constants are allowed to
vary only when ATPase kinetics are insufficient to account for
observed changes in pCas, or ny.

The N, dependence of k' is defined as a hyperbolic
function (Figure 2C), where N, is the number of TF-bound
myosin heads required for half-maximal myosin activation of

ky' = ko fc
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the TF. The fractional contributions (i.e., relative effect) of
calcium- and myosin-dependent activation, f, and f,,
respectively, describe the extent to which calcium or myosin
binding alone can activate the thin filament. There appears to
be a disparity between the relative importance of calcium and
strong binding activation for skeletal and cardiac myosin.
Cardiac myosin appears to be more affected by crossbridge
activation.*”*> The values of f. and f,, can be adjusted to
account for such differences, and the sum of these coefficients
for fractional activation need not equal 1. Here we assume that
the calcium and myosin dependencies of k,," are independent
(eq 1) to simplify the model and to demonstrate that observed
changes in TF cooperativity, ny, can result from changes in
either myosin-based or calcium-based activation. This model
can easily be modified to include an interdependence of the
calcium- and myosin-based terms (e.g, a myosin-induced
change in calcium—TnC affinity).

The simulation limits k.’ to a maximal value of k.
Fractional activation, Ay is then defined by eq 2:

Ap = ka_“ <1
K )
Simulated TF sliding velocities are calculated from eq 3:
V= dkgeAs (©)
so that
k.’ 24+p N,
V= dkg - = dkgel f z[f 2] +/ :
katt ¢ I:Ca ]P + I<Cap m Nb + N1/2
+ kbasal
att (4)

We assume the maximal TF sliding velocity, V,,,,, is the product
of the average myosin step size (d) and the rate of TF—myosin
detachment (kg.). The partially activated velocity, V, is
calculated as the product of V,,,, and A; To determine pCas
and ny, simulations were fit to the Hill function. To estimate

dx.doi.org/10.1021/bi400262h | Biochemistry 2013, 52, 6437—6444
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model parameters from experimental data, simulations that best
represented the data were chosen from a library (Table 2).

We used this simple, cooperative model of TF regulation to
simulate the pCa dependence of TF sliding velocity (V—pCa
curves) for a wide range of k,y, kg, and N values (Table 2,
simulations). Each simulated V—pCa curve was fit to the Hill
equation (see Materials and Methods) to determine values for
pCayy and nyy. These values were then plotted as a function of r
(Figures 3 and 4) at three different values of N.
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Figure 3. Effects of duty ratio on TF calcium sensitivity. Simulations of
V—pCa curves were obtained (Table 2) for many permutations of
ATPase kinetic parameters (k,, = 0—60 s™' head™", and kg, = 0—1000
s7!), and pCay, values were obtained from Hill fits to each curve.
When plotted against duty ratio (r), pCas, varies linearly with a slope
that is proportional to N (the number of myosin heads available for
binding). The pCas,—r dependence of k,,’ (--) shows a y-intercept at
pKc, (Table 2). The disparity between the points of the intercept (5.5
vs 5.7) arises in the calculation of detachment-limited velocity (eq 3).
The shaded area represents the estimated range of physiological duty
ratios (5—10%) for striated muscle myosin.*°
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Figure 4. Effects of duty ratio on TF cooperativity. Simulations of V—
pCa curves were obtained (Table 2) for many permutations of ATPase
kinetic parameters (k,, = 0—60 s head™, and kg, = 0—1000 s7"),
and ny values were obtained from Hill fits to each simulated curve.
The cooperative coefficient initially increases with increasing Nr (—),
reaching a maximum within the estimated range (0.05—0.10) of
physiological duty ratios (shaded boxes). A maximal ny is achieved
within the range of 1—3 myosin heads strongly bound to the TF at
maximal activation (---). The ny—Nr dependence of k,,,’ (---) shows a
y-intercept equivalent to p in the simulation (Table 2), which differs
from the ny—Nr dependence of V (black lines) due to the calculation
of detachment-limited velocity (eq 3).
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Figure 3 shows that at a fixed number of myosin heads, N,
available to bind a TF regulatory unit, pCay, varies linearly with
myosin duty ratio:

pCay, = pCayy' + S(Nr) 5)

where f is a proportionality constant that depends on model
parameters f,, f,, and N}/, and pCay,’ is the y-intercept for this
linear relationship. The myosin duty ratio, r, is defined in eq 6.

katt

yr= -
katt + kdet

(6)

The two principal terms in eq S reflect the calcium- and
myosin-dependent terms in eq 1. In the range of physiological
duty ratios reported for striated muscle myosin (0.05—0.10),>°
pCay, varies linearly with duty ratio, with a slope that is
proportional to N (Figure 3), which is accurately described by
eq S.

Values for ny; obtained from simulations are plotted against
Nr (Figure 4), showing that TF cooperativity, like pCasy, varies
with myosin duty ratio, reaching a maximal value within a
physiological range of r (Figure 4, bars). ny values are
significantly reduced at high duty ratios and high N values.

To test model efficacy (eq 4) and eq S, we used IVM to
determine the effects of substrate and small molecule inhibition
of myosin ATPase on V—pCa curves. Equation S can be
rewritten to express a change in pCasy ApCas, relative to a
control value following a chemical perturbation as

APC&SO = ﬂ[(Nr)control - (Nr)ﬁnal] = AfNr (7)

where A = S(Nr)conwo and fy, is the corresponding fractional
Change in Nr) [(Nr)control - (Nr)ﬁnal]/(Nr)controlr fOHOVVing the
chemical perturbation. To test eq 7, in Figure 6A, we plot
ApCay, versus fy, for a wide range of perturbations.
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Figure S. Calcium sensitivity and cooperativity of TF activation
measured using IVM. TF velocities under control conditions were
measured at different calcium concentrations and plotted as a function
of pCa. V—pCa curves were fit to the Hill equation (®, solid line) to
obtain values for pCag, (5.77 + 0.046) and ny (2.28 + 0.549). To
obtain model kinetic parameters (Table 2), we chose simulated V—
pCa curves from a library that most accurately described the Hill fit.
Each data point represents an independent experiment. The percent of
motile filaments (CJ, dashed line) was determined from a minimal
displacement threshold and the lower limit of image resolution (see
Materials and Methods).
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mM amrinone (blue triangles), addition of 1.6 #M blebbistatin (red circle), the different myosin densities reported by Gorga et al.' (pentagons), a
25 ug/mL myosin incubation (blue diamond), 60 and 120 mM sucrose (upside-down triangles), combined addition of 4 mM amrinone and 120 mM
sucrose (right-pointing triangle), and combined addition of 4 mM amrinone and 25 yg/mL myosin incubation (left-pointing triangle). The control
experiment (hexagon) is plotted as (0,0). The yellow arrows point from the individual ApCas, values obtained for 4 mM amrinone and 120 mM
sucrose to the ApCag, obtained from the combination of these inhibitors, illustrating the compensatory effects predicted by eq 7. The cyan arrows
point from the individual ApCas, for 4 mM amrinone and 25 pg/mL myosin to the ApCas, obtained from the combination of these inhibitors,
illustrating the compensatory effect predicted by eq 7. A linear regression that was forced through (0,0) gave a slope of 0.9 (red line). (B) Values of
ny obtained from the same experiments described in panel A plotted vs fy,. These data resemble the peak function predicted in Figure 4. We
currently are unable to perform least-squares fits with our model, so statistics for describing the goodness of fit are unavailable. A comparison of
pCas, and ny; values obtained from both Hill fits to the data (asterisk, with SD) shows that the simulations accurately describe our experimental data.

Using IVM, we previously determined the effects of 1.6 uM decreasing k,, has a similar effect on pCay, regardless of
blebbistatin (an inhibitor of k,) and subsaturating 50 uM ATP whether k,, was slowed by blebbistatin or sucrose.
(substrate inhibition of kg) on pCas, and ny;."” In Figure 6A, Equation 7 predicts that ApCay, varies proportionally with
we plot the pCagy shifts, ApCasy, observed with these fractional changes in N. This relationship can be tested by
perturbations, estimating the corresponding fy, values from decreasing the myosin surface density in the IVM assay, which

either kinetic studies (1.56 uM blebbistatin results in an ~80%
decrease in k,) or changes in V (decreasing the ATP
concentration to 50 M results in an ~60% decrease in V
and thus k).

To further test eq 7, here we also measure the effects of the
inhibitor, amrinone, on pCag, and ny; (Supporting Information,
Figures 1 and 2). Amrinone slows ky,, either by slowing the rate
of ADP release or by increasing the rate of binding of ADP to
actin-bound myosin.*"*® In Figure 6A, we plot pCas, shifts,

can be achieved by decreasing the incubation concentration of
myosin. In Figure 6A, we plot ApCas, values that we obtained
at low myosin densities as well as values estimated from pCa—V
curves reported by Gorga et al.' In both cases, we calculated
fnr as the fractional change in the incubation concentration,
which according to Harris and Warshaw™ is similar to the
fractional change in surface density and thus in N. Interestingly,
we observe that changes in pCay, saturate at incubation

ApCay, observed upon addition of both 2 and 4 mM amrinone concentrations greater than S0 ug/mL, so we calculate fy,
and estimate the corresponding changes in fy, from our relative to the pCas, obtained at SO ug/mL.

observed changes in V (2 and 4 mM amrinone slow V and thus Equation 7 predicts that a ApCay, resulting from a fractional
kg by 33 and 31%, respectively). By increasing the affinity of change in a given kinetic parameter (k. kqp or N) can be
ADP for myosin, amrinone slows kg, by increasing the amount reversed by a similar fractional change in another kinetic
of time myosin spends in the AMD state rather than the time it parameter. Consistent with this prediction, we showed that the
spends in the rigor state. Our results (Figure 6A) show that pCay, shift induced upon addition of 4 mM amrinone is
decreasing kg has a similar effect on pCagy regardless of reversed upon further addition of 120 mM sucrose (Supporting

whether ky. was slowed by increasing the time spent in AM or
whether it was slowed by increasing the time spent in AMD. To
further test eq 7, here we measured the effects of sucrose, a
kinetic inhibitor of k., on V, pCas, and ny. We have shown, in
a manuscript submitted for publication, that sucrose specifically
inhibits the rate of AM strong bond formation (k,.).
Specifically, using stopped-flow fluorimetry, we have shown
that 880 mM sucrose slows k,, S-fold without significantly
inhibiting any other step in the ATPase reaction cycle. Most

Information, Figure S and Figure 6A, cyan arrows). The
assumption that we make in estimating fy, for this experiment
is that the effect of sucrose on k,, is unaffected by amrinone,
and similarly, the effect of amrinone on kg, is unaffected by
sucrose. Similarly, we showed that the pCas, shift induced via
the addition of 2 mM amrinone is also reversed by decreasing
myosin density (i.e, N) by decreasing the incubation
concentration from 50 to 25 pg/mL (Supporting Information,

importantly, 880 mM sucrose has no significant effect on kg Figure 6 and E)igure 64, yellow arrows). According to Harris
In Figure 6A, we plot pCag, shifts, ApCas,, observed upon and Warshaw,” this results in an ~50% decrease in N.

addition of both 60 and 120 mM sucrose (Supporting Taken together, the data in Figure 6A show a linear
Information, Figures 3 and 4) and estimate the corresponding relationship between ApCas, and f,, consistent with egs S and
changes in fy, from changes in V (60 and 120 mM sucrose slow 7. A linear fit to these data (Figure 6B, red line) gives a slope of

V by 17 and 36%, respectively). Figure 6A shows that A =09 (eq 7).
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The ny values obtained from the experiments described
above are plotted versus fy, in Figure 6B and appear to exhibit
the peak relationship predicted in Figure 4.

Our model indicates that both pCas, and ny; can be altered
predictably by changing actin—myosin ATPase kinetics in the
absence of an effect on TnC—calcium binding cooperativity or
affinity. Our data support the idea that disease states that alter
actin—myosin ATPase kinetics will affect calcium sensitivity in
striated muscle predictably.>” Similarly, calcium sensitivity can
be modulated through inhibitors, activators, protein modifica-
tions (e.g., myosin phosphorylation), and accessory sarcomeric
proteins (e.g, MyBP-C) that affect actin—myosin ATPase
kinetics.

B DISCUSSION

We have developed and experimentally tested a simple model
of striated muscle regulation that accurately describes the
calcium- and myosin-dependent activation of TFs. The model
is based on a two-state kinetic scheme (Figure 2A) that
resembles Huxley’s model®® and describes TF regulation using
a chemical kinetic formalism that incorporates mesoscopic
parameters appropriate for modeling macroscopic muscle
mechanics rather than unconstrained structural parameters.
Our model predicts that pCas, varies linearly as Nr (Figure 3)
and that ny varies with Nr as a peak function, reaching a
maximal value near the range of duty ratios reported for cardiac
and skeletal myosin (Figure 4).

Equation S predicts that any modification that increases the
number of myosin heads, Nr, strongly bound to a regulatory
unit of a TF during maximally activated ATPase results in a
proportional increase in pCas. The duty ratio, r, is a function of
both k,, and k4. (eq 6), and previous studies are consistent
with the predicted ky, dependence of pCasy, showing that
extending the lifetime of stron%ly bound crossbridges (ie.,
decreasing kg,,) increases pCaso.” ">~ Our model predicts
that the kg, dependence of pCas, is not unique to rigor
activation, and this is supported by our observation that, like
the effects of rigor heads and NEM-S1, amrinone (an inhibitor
of ADP release) activates the TF in the absence of calcium.

The effects of k,, on pCasy predicted by eq S are less well
studied. Our first indication that both k,, and kg, influenced
pCayy came from our observation that the pCag, for TF sliding
velocities was similar for skeletal and smooth muscle myosin-
based motility (data not shown). These findings suggested that,
consistent with eq 5, the effect of smooth muscle myosin’s
slower kg, on pCag, is offset by a slower k,, (smooth and
skeletal muscle myosin exhibit similar duty ratios).>* In Figure
6, we showed that, consistent with eq S, pCay, shifts with a
change in any one of the kinetic parameters (N, kg, OF ky),
and this shift can be reversed with a change in any other of
these parameters. The maximal pCay is limited by a maximal
duty ratio, r, of 1 and a saturating number, N, of actin-bound
myosin heads. The lower limit for pCas, is the myosin-
independent calcium sensitivity, pKc,.

Observed changes in ny for TF activation are often
interpreted as changes in the cooperative binding of calcium
to TnC; however, our simulations and data suggest that ny is
also influenced by TF—myosin ATPase kinetics (Figures 4 and
6). The predicted increase in ny with an increasing Nr (Figure
4) results from myosin activation of the TF, whereas the
predicted decrease in ny at high values of Nr is caused by the
slope of calcium-dependent activation becoming shallow at high
levels of myosin activation (Figure 2B). The existence of an
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optimal ny (Figures 4 and 6) is physiologically significant.
Specifically, any protein mutation or modification that
decreases ny by altering ATPase kinetics will increase the
amount of calcium that must be removed from the cytoplasm
to relax muscle, resulting in potential metabolic challenges.

Our experimental data, showing the effects of k,, k4., and N
on pCag, and ny (Figure 6), are consistent with our model
predictions (Figures 3 and 4) with one exception. The decrease
in ny observed upon addition of sucrose (Figure 6B) is
significantly greater than that predicted by our model (Figure
4). Our simulations account for this discrepancy via a kg,
dependence of both p and K, suggesting that in addition to its
effects on both ny; and pCas, through altered ATPase kinetics
(Figures 3 and 4), k,, affects ny and pCag, through a k-
dependent calcium—TnC dissociation constant (Kc,) and
cooperative coefficient (p) as previously reported.”>**

Models of myocyte contractility often treat myofibrils as a
black box that responds to calcium in a simple, well-defined way
that is independent of actin—myosin ATPase activity. The
observation that TF—myosin ATPase kinetics influences both
calcium sensitivity and cooperativity implies that an explicit
description of ATPase kinetics is required of any accurate
model of myocyte contractility. In short, treating muscle
myofibrils as passive, calcium-sensitivive elements is an
inaccurate oversimplification. The model presented here
provides an easily implemented alternative approach for
explicitly describing how pCag, and nyy are tuned by actin—
myosin ATPase kinetics.

B ASSOCIATED CONTENT

© Supporting Information

The supporting information contains pCa-velocity and pCa-
motile-filament data (symbols) obtained from in vitro motility
experiments as well as fits of these data to our model (solid
line). Values for pCas, and n obtained from these fits are
summarized in the main body of the manuscript. This material
is free of charge via the Internet at http://pubs.acs.org.
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B ABBREVIATIONS

TF, thin filament; M, myosin; N, number of myosin heads
available for binding; r, duty ratio; ny, Hill cooperativity
coefficient; NEM, N-ethylmaleimide; pCa, calcium concen-
tration as —log[Ca®*]; pCag, measure of calcium sensitivity;
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Tm, tropomyosin; TnC, troponin C; k,, rate of myosin
attachment; kg, rate of myosin detachment; SD, standard
deviation; SE, standard error.
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