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Abstract

Muscle contraction requires a symphony of proteins that act and interact to generate force
and movement. Actin and myosin are the essential crossbridge proteins that drive muscle
contraction, and they rely on regulatory mechanisms to fine-tune their activity. This
regulation can be intramolecular, or it can come from post-translational modifications, or
interaction with another protein or small molecule. Because of the myriad of interactions in
a sarcomere, it is difficult to discern the presence and significance of each one. Single-
molecule and ensemble in vitro models allow us to isolate the effects of a single protein or
post-translational modification to a specific component of the contractile apparatus -
something that cannot be done in intact fibers or isolated myofibrils. We exploited the
capabilities of single-molecule measurements to understand the mechanism of two

important regulatory crossbridge interactions.

First, we show that myosin loop 2 internally regulates the crossbridge by acting as a force-
dependent inhibitor of the long-lived actomyosin complex. Here, an optical trap was used
to measure bond formation and rupture between actin and rigor heavy meromyosin
(HMM) with loop 2 intact or tryptically cleaved. When loop 2 was cleaved, actomyosin
catch bond behavior was abrogated leaving only a long-lived state - pointing to the integral

role of loop 2 and the importance of force in crossbridge regulation.

Cardiac myosin binding protein-C (cMyBP-C) is a sarcomeric protein that directly regulates
crossbridge formation and cycling, though its specific binding partner and mechanism of
regulation are unknown. Moreover, cMyBP-C activity itself is regulated by phosphorylation
and may be regulated by nitrosylation. In order to identify the crossbridge binding partner
of cMyBP-C, we measured the force-dependent bond rupture between cMyBP-C and each of
the requisite crossbridge components, actin and HMMV, individually. We found that neither
the bond with actin nor the bond with HMM was regulated by phosphorylation, excluding

these as essential crossbridge binding partners for cMyBP-C and disproving the leading
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hypothesis in the field. Further, our work shows that nitrosylation of cMyBP-C does not

play a role in regulating actin-myosin interactions.

These studies have allowed us to gain a better understanding of the protein-protein
interactions between actin, myosin, and cMyBP-C that are key mechanisms of crossbridge
formation and regulation. Together, our data on the functions of loop 2 and cMyBP-C
increase our understanding of striated muscle function and may be especially important in
understanding pathologies. Hypertrophic cardiomyopathy in particular is directly linked to
mutations in cMyBP-(C, and until we have a better understanding of how cMyBP-C regulates

crossbridge activity the mechanism of disease will remain unclear.
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Chapter 1: Background



1.1 Myofibrillar overview

Muscle contraction and force generation are driven by myosin’s conversion of chemical
energy to mechanical work through actin-dependent ATP hydrolysis and allosteric
conformational changes (Geeves and Holmes, 2005). While the coupling of nucleotide
binding, hydrolysis, and nucleotide dissociation to the power stroke of myosin is
reasonably well understood, the molecular-level details of the actin-myosin interactions
themselves have not been fully elucidated. The structural details of the actomyosin binding
interface remain unknown, including the specific residues involved and the role of a
disordered surface loop. Furthermore, other sarcomeric proteins are associated with these
two main force-generating components, though their specific interactions with and
functional roles in regulation of the crossbridge cycle remain unclear. For example, we
have recently shown that tropomyosin, a member of thin filament regulation, directly
interacts with myosin in crossbridge binding to regulate its rate of binding, not simply its
ability to bind (Rao et al,, 2011). Another regulatory protein, cardiac myosin binding
protein-C (cMyBP-C) also has direct effects on crossbridge formation and cycling, though
its crossbridge binding partner and mechanism of regulation remain unknown. Both
tropomyosin and cMyBP-C are phosphoproteins, and like tropomyosin, cMyBP-C
interactions with the crossbridge are thought to be phosphorylation-dependent. However,
in the case of cMyBP-C the relationship of phosphorylation to binding is unclear. It is
obvious that force-bearing intermolecular bonds figure prominently in the sarcomere. We
thus seek to gain a better understanding of the protein-protein bonds between actin,
myosin, and cMyBP-C and which of these interactions are key mechanisms of crossbridge

formation and regulation.

1.2 The actomyosin crossbridge

The striated muscle sarcomere contains more than 40 proteins that interact to enable and
regulate force-generation (Fraterman et al., 2007). While there is a general macro-level
understanding of the machinery and function of a muscle cell, the structural details of how
these molecules interact to generate force are unclear. The actomyosin crossbridge is

ultimately responsible for muscle contraction by myosin binding to actin and undergoing



allosteric rearrangement to displace the actin filament. However, there are molecular
details of crossbridge cycling, such as the structure of the actomyosin binding interface,

that are unresolved.

The initial step in actin-myosin binding is thought to occur through long-range electrostatic
interactions, creating a weak collision complex that is followed by isomerization to the
attached state and a second isomerization to a rigor-like, strong-binding state (Geeves and
Conibear, 1995). Myosin’s actin-binding pocket is hydrophobic and is neighbored by the
positively charged loop 2 (the “actin binding loop”, Figure 1) which is thought to help the
myosin head to locate its binding site on actin (Rayment et al., 1993a). Once the initial
electrostatic interaction between the loop 2 and actin’s myosin binding site is established,
binding can proceed to a strongly-bound state through additional hydrophobic and
stereospecific interactions (Geeves and Conibear, 1995; Geeves et al., 1984). The actin
binding pocket of myosin is also a key element of another allosteric change that the myosin
head undergoes in response to actin or nucleotide binding; it is thought to close on binding
to actin and to subsequently change shape in response to ADP release and with ATP

binding.



Loop 2

Figure 1: Structure of the myosin head. The charged loop 2 is represented by red ribbon, other myosin

residues are blue ribbon.

Loop 2 connects myosin’s 50 and 20-K domains (Rayment et al,, 1993b). The general
function of loop 2 includes the control of actin-activated ATPase activity by altering Vi, and
actin affinity (Murphy and Spudich, 2000). The loop varies in length and sequence (Murphy
and Spudich, 2000) but is well-conserved among myosins with similar kinetics (Goodson et
al,, 1999). It is particularly reliant on the presence and sequence of a few key residues
rather than its overall charge or length to retain its function in modulating kinetics

(Murphy and Spudich, 2000).

Because the loop is flexible, it is unresolved in most myosin II structures except for two
from Dictyostelium discoideum (Lorenz and Holmes, 2010). However, crosslinking and
digestion studies have shown loop 2 to be part of the actomyosin binding interface (Mornet
et al,, 1981; Sutoh, 1982). Still, the shape and location of loop 2 after binding is
controversial. Molecular dynamics simulations suggest that myosin’s loop 2 takes on a
distinct conformation upon actin-myosin binding, but its location and interactions differ

between studies (Liu et al.,, 2006; Lorenz and Holmes, 2010). A recent high resolution cryo-



electron microscopy-based model identifies potential electrostatic interactions between
loop 2 on myosin and actin’s N-terminus, putting loop 2 at the center of the actin-myosin

interface (Behrmann et al,, 2012).

1.3 Crossbridge regulation by cMyBP-C

Actin and myosin themselves are not the only binding partners present at this crossbridge
interface. Tropomyosin is a well-known steric regulator of actomyosin interaction,
occupying a position on the actin filament to block myosin’s access to binding sites. We
have shown through optical force spectroscopy that tropomyosin has an additional binding
interface with myosin, accelerating bond formation in some tropomyosin states on the

actin filament (Rao et al., 2011).

Another important regulatory protein is cMyBP-C. The specific function of cMyBP-C within
the sarcomere is unclear, but it is evident that contraction is directly regulated by cMyBP-C.
In the presence of cMyBP-C, cardiac myosin ATPase activity is increased (Yamamoto and
Moos, 1983), Ca?+-activated force generation is reduced (Kunst et al., 2000), and actin
filament in vitro motility is inhibited (Saber et al., 2008). The activity of cMyBP-C appears to
be modulated by phosphorylation. While cMyBP-C phosphorylation does not have a
significant effect on ATPase activity (Hartzell, 1985) it relieves inhibition of actin filament
motility seen in the presence of dephosphorylated cMyBP-C (Weith et al., 2012a). This
regulation of contraction suggests that cMyBP-C interacts with the crossbridge proteins in

a phosphorylation-dependent manner.

Ablation of cMyBP-C in mice results in significant cardiac hypertrophy and depressed
contractile function (Harris et al., 2002). cMyBP-C phosphorylation may be critical both to
disease prevention and to maintaining normal myocardial function (Sadayappan et al.,
2005). However, the role of N-terminal cMyBP-C appears to be more complicated than a
simple phosphorylation-dependent drag on crossbridge motility. It also has been suggested
to regulate crossbridge detachment rates through reduced actin-activated ATPase rates
(Razumova et al., 2006). cMyBP-C and may also modulate thin-filament regulation. Herron

et al. show the ability of a COC2 N-terminal fragment to activate force production in



skinned ventricular myocytes in the absence of Ca?+, and suggest that it acts via a different
activation mechanism than Ca?* (Herron, 2006). Mun et al. recently confirmed this
observation using in vitro motility and found that N-terminal cMyBP-C modulates thin
filament activity by physically displacing tropomyosin through an independent molecular
mechanism from that which it uses to govern actomyosin contractile speed (Mun et al.,

2014).

Two prominent theories have emerged to explain how cMyBP-C regulates the crossbridge.
Both are dependent upon cMyBP-C binding to a crossbridge protein and restricting the
protein’s movement. N-terminal cMyBP-C binds either with actin or with myosin and stops
the actin filament from sliding. Skinned fiber and ensemble motility experiments suggest
that an interaction with cMyBP-C imposes a load on myosin (Hofmann et al., 1991a, 1991b),
however it is unclear whether the load is simply a tether on the actin filament that is being
propelled by myosin motor or whether it causes a direct impairment of myosin head

movement itself.

Kunst et al. provided evidence that cMyBP-C binds myosin’s S2 region, controlling myosin
head distance from the filament backbone and its cycling activity that can be relieved by M-
motif phosphorylation (Kunst et al., 2000). There is also structural and functional evidence
that cMyBP-C interacts physiologically with the thin filament (Kulikovskaya et al., 2003;
Luther etal,, 2011; Mun et al,, 2014; Weith et al,, 2012a, 2012b). Weith et al. have expanded
our understanding by using single molecule techniques to show that an N-terminal portion
of the M-motif binds stereospecifically with actin and that this binding may be reversible by
phosphorylation (Weith et al., 2012a, 2012b). It has even been proposed that
phosphorylation may alternate N-terminal cMyBP-C binding between actin and myosin

(Pfuhl and Gautel, 2012).

1.4 Regulation by Nitrosylation
Nitrosylation, like phosphorylation, is a post-translational modification that has been
shown to regulate muscle activity. Protein nitrosylation primarily occurs when nitric oxide

(NO) reacts with a cysteine residue in the presence of an electron acceptor to yield a S-



nitrosothiol. It may also occur through the transfer of NO from a nitrosothiol to a thiol
through a nitroxyl disulfide intermediate (Perissinotti et al., 2005). NO is generated in vivo
by nitric oxide synthases and has been recognized as a signaling molecule influencing
muscle contraction and contractility both indirectly through activation of guanylyl cyclase

and directly by acting on proteins through nitrosylation.

NO donors have been shown to decrease Ca?* sensitivity, ATPase activity, shortening
velocity, and isometric force in skeletal (Andrade et al., 1998; Galler et al., 1997; Perkins et
al,, 1997) and cardiac (Shoji et al., 1999) filaments in vitro. These data highlight the
potential for nitrosylation as a regulatory feature of muscle, since a significant portion of
proteins in the force generation apparatus are nitrosylatable in vitro (Kohr et al,, 2011).
However, the functional effects of NO on myofibrillar apparatus remain to be understood as
it is difficult to parse out which of the individual proteins in these muscle fiber

preparations is responsible for the observed effects.

The identities of endogenously affected skeletal and cardiac myofibrillar proteins was
recently probed in vitro using S-nitroso-L-cysteine (SNO-L-cys) as an endogenous nitric
oxide donor (Guilford and Filo, 2010). Nitrosylatable skeletal muscle proteins included
myosin heavy chain, myosin binding protein-H, actin, troponin I, the slow and fast isoforms
of myosin essential light chain, and myosin regulatory light chain. In cardiac muscle, these
proteins included myosin heavy chain, cMyBP-C, actin, troponin I, and myosin essential
light chain. Of these, the functional effects of myosin nitrosylation are the only that have
thus far been published. Interestingly, nitrosylation of myosin reduces actin motility
velocity, yet this is accompanied by increased myosin force production in single molecule
assays such as those that are used in the present work (Evangelista et al., 2010). These data
suggest that nitrosylation acts as a “gear shift” for myosin, switching the motor to a state of

lower force generation but higher velocity.

A recent nitrosoproteome of cardiac myofilaments bolsters the evidence that cMyBP-C is
able to be nitrosylated (Figueiredo-Freitas et al., 2013), but the functional consequences of

cMyBP-C S-nitrosylation remain to be tested. Singling out the effect of cMyBP-C



nitrosylation would make an important contribution to our understanding of the

mechanisms of NO regulation of cardiac contractility.

1.5 Specific Aims

We have identified two important, unresolved regulatory mechanisms of crossbridge
formation and cycling - actin-myosin interactions that comprise the binding interface itself,
and cMyBP-C that interacts with one or both of the essential crossbridge proteins. Myosin’s
loop 2 is thought to be responsible for seeking out its oppositely-charged binding site on
actin. This occurs through long-range electrostatic interaction brings the two molecules
together, but these residues may also play a role in determining the actomyosin bond
lifetime through a weak- to strong-binding transition. cMyBP-C is also implicated in
crossbridge regulation through binding to actin or to myosin at the crossbridge interface.
Through its crossbridge binding cMyBP-C is thought to impose a viscous drag, impeding
crossbridge movement. Phosphorylation of cMyBP-C is evidenced to modulate its effect on
the crossbridge. cMyBP-C can also be nitrosylated, though the functional effects of this
modification of cMyBP-C’s ability to regulate the actomyosin crossbridge are yet unknown.
We thus seek to gain a better understanding of the protein-protein interactions between
actin, myosin, and cMyBP-C that are key mechanisms of muscle crossbridge formation and

regulation.

Aim 1: Examine the interaction between actin and myosin at their binding interface

to determine prerequisites for catch bond behavior.

(A) Actomyosin has been shown to act as a catch bond, though this catch bond behavior
may be an artifact of the sub-physiologic ionic strength conditions used in the
experiment. We will test the hypothesis that actomyosin catch bond behavior occurs

in vitro at physiologic ionic strength.

(B) Myosin’s loop 2 is a component of the binding interface that is thought to be
responsible for electrostatic initiation of actomyosin binding. We will test the

hypothesis that intact loop 2 is required for catch bond behavior.



(C) We will use a deterministic model to predict the effect of the catch bond on

crossbridge cycling.

Aim 2: Understand how cMyBP-C and its post-translational modification by
phosphorylation and nitrosylation change cMyBP-C interactions with actin and

myosin.

(A)We will test the hypothesis that cMyBP-C acts as a phosphorylation-reversible
viscoelastic drag on the actin filament in vitro by measuring bond lifetimes between
actin and phosphomimetic N-terminal cMyBP-C. We will also test the hypothesis
that the bond lifetimes between cMyBP-C and myosin will inversely mirror those of

actin with phosphomimetic and unphosphorylated cMyBP-C.

(B) cMyBP-C can by nitrosylated. We hypothesize that the function of cMyBP-C can be
regulated by nitrosylation in vitro by modifying either its bond with actin or its bond

with the myosin filament backbone.

1.6 Force Spectroscopy

Force spectroscopy experimentally determines the time it takes a bond to rupture over a
variety of loads or the rupture force under a particular loading condition. Force
spectroscopy techniques can be used to measure intra- and intermolecular bonds and can
even discern the properties of a single chemical bond. Traditional methods, such as stop
flow and in vitro motility make ensemble rather than single molecule measurements. In
force spectroscopy, proteins are coupled to a surface that constrains them to
approximately two-dimensional motion and the concentration of proteins on the surface
allows control of the number of interacting molecules. Thus single-molecule interactions

can be measured.

There are three main tools for performing force spectroscopy techniques - the atomic force
microscope (AFM), the biomembrane force probe, and the laser trap. Each can directly

measure the mechanical properties of a single bond on the scale of nanometer



displacements and piconewton forces. Each tool consists of a probe that can be bound to
one protein or molecule, and displacements of the probe allow measurements of the load-
dependent rate with which the molecule interacts with a molecule on the opposing surface.
The stiffness of the probe, akin to the stiffness of a spring, relates its displacement to a

distance proportional to the force applied according to Hooke’s law.

The use of force spectroscopy has led to many important discoveries in molecular
mechanics over the last 20 years. The Evans group pioneered force spectroscopy using the
biomembrane force probe to study the bond between biotin and streptavidin (Merkel et al.,
1999). They showed how force spectroscopy could be used to parse out individual energy
barriers within a single intermolecular bond. The Zhu group was also at the forefront of
advancing force spectroscopy techniques. They used AFM to directly observe catch bond
behavior for the first time in selectins (Marshall et al., 2003), a phenomena that was
previously only theoretical (Dembo et al., 1988). Beyond mapping out binding rates and
energy landscapes of intermolecular bonds, force spectroscopy has also been used to study
the dynamics of molecular motors and the conformational transitions of proteins (Block,
1995; Cluzel et al., 1996; Finer et al., 1994). Single-molecule force spectroscopy is uniquely
able to reveal the energy barrier to unfolding or dissociation as well as conformational
states (Guo and Guilford, 2006; Merkel et al., 1999; Rief et al., 1997) that are often not

observable by conventional methods of structural biology.

Here we used force spectroscopy to measure the intermolecular protein-protein
interactions of the muscle crossbridge using a laser trap. In our approach molecules are
restricted to approximately planar movement, thereby allowing single actomyosin bonds in
our experiments to be examined at physiologic ionic strength. This is similar to their
physiologic arrangement where actin and myosin are part of filaments that constrain their
free motion to two dimensions. Where solution studies rely on protein diffusion to find
their binding partners and on the proteins having a high enough association rate to form
bonds, optical force spectroscopy is able to hold the proteins within their binding range so
that they can associate to form bonds. Actin and myosin have a low association rate at

physiologic ionic strength so the molecules are unlikely to form bonds when freely
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diffusing in solution. The laser trap allows us to simulate this arrangement and thus
enabled us to measure the crossbridge binding interface between actin and myosin, as well
as with the regulatory cMyBP-C. We aimed to identify the physiological features of the
binding interface responsible for initiating bond formation through weak binding, as well
as the force dependence of both the association and the dissociation of the bond. We also
applied this method to determining the crossbridge binding partner of cMyBP-C and its

responsiveness to post-translational modifications.
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Chapter 2: Loop 2 of myosin is a
force-dependent inhibitor of the

rigor bond
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2.1 Introduction

Skeletal muscle actomyosin has been shown to behave as a catch bond in the ADP and rigor
states (Guo and Guilford, 2006) and in both the presence and absence of the actin
regulatory protein tropomyosin (Rao et al., 2011). Catch bonds increase in lifetime with
applied force, up to a critical force value beyond which bond lifetime falls. Catch bonds
stand in contrast to slip bonds, which decrease in lifetime with increasing load in an
intuitively obvious way. Actomyosin catch bond behavior is though to arise from a force
dependent transition from a short- to a long-lived bond state, while slip bonds have only a
single bound state. In actomyosin the maximum bond lifetime occurs close to the isometric
force that is generated by a single myosin molecule (Guo and Guilford, 2006) suggesting
that catch bond function is tuned to maximize bond lifetime during isometric contractions.
Others have suggested that the actomyosin catch bond assists in aggregate formation and

initial ordering from disorganized actin and myosin networks (Inoue and Adachi, 2013).

Here we tested the hypothesis that myosin’s loop 2 alters the mechanics of rigor
actomyosin bond formation and rupture, and specifically that it is involved in catch bond
behavior. To do this we used force spectroscopy - the dynamic application of force to single
molecules or single intermolecular bonds to reveal energy barriers to unfolding or
dissociation. Force spectroscopy can reveal conformational and binding states that cannot
be resolved by conventional methods of structural biology (Rao et al., 2011). In this
instance an optical trap was used to measure the binding rate and the bond lifetimes
between heavy meromyosin (HMM) and actin over a range of compressive and tensile
loads applied perpendicular to the filament axis. These measurements were performed at
both low and physiologic ionic strength. Measurements of intact HMM were compared to
those when loop 2 was enzymatically cleaved in order to determine the contributions of
loop 2 to binding and unbinding. Our data suggest that loop 2 is a force-dependent

inhibitor of a long-lived bound state of actomyosin.
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2.2 Materials and Methods

Proteins
HMM and F-actin were purified from rat skeletal muscle and F-actin was biotinylated and

coupled to streptavidin-coated microspheres as described in Appendix 1, Section A1.1.

Tryptic proteolysis of HMM loop 2

HMM was selectively digested at the actin-binding loop 2 (cleaved HMM) as described in
Bobkov et al. (1996) with minor modifications. Briefly, HMM was dialyzed against 0.02 M
KCl, 0.02 M Tris-HCl and 1 mM DTT at pH 7.4. To protect loop 1 from digestion, the ionic
strength was increased to 0.5 M KCl and ATP was added to 6 mM (Mocz et al., 1984). TPCK-
treated trypsin (proteolytic activity 0.08 BTEE units/mg; Sigma-Aldrich T1426) was added
to HMM to a final concentration of 0.05 mg/ml and incubated on ice for 6 minutes.
Digestion was stopped using soybean trypsin inhibitor type 1-S (Sigma-Aldrich T9003) ata
molar ratio of 3:1 to trypsin. Cleaved HMM was used within 48 hours of digestion, and then

discarded.

Digestion was assessed by electrophoresis on NuPAGE 12% Bis-Tris Gel in MOPS running
buffer and gels were stained using SimplyBlue™ Safe Stain (Invitrogen, Carlsbad, CA). The
molecular weight of fragments was determined by comparison to SeeBlue® Plus2 Protein
Standard (Invitrogen) using the AlphaEaseFC (Alpha Innotech Corp., San Leandro, CA)
molecular weight tool. As in previous experiments digestion of HMM mainly resulted in two
fragments, the N-terminal fragment of S1 and the combined C-terminal region of S1
fragment and S2 (Balint et al,, 1975; Bobkov et al., 1996) (Figure 2). Other contaminating

fragments were present in low amounts.
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Figure 2: Representative tryptic digestion of HMM. Lanes: (a) HMM prepared by chymotryptic
digestion of myosin. (b) Soybean trypsin inhibitor and HMM. (c) HMM pre-incubated with soybean
trypsin inhibitor before addition of trypsin. Lanes d-f show HMM digestion by trypsin quenched with
soybean trypsin inhibitor after 2 (d), 4 (e), and 6 (f) minutes. (g) HMM digestion by trypsin without
inhibitor, which was used as a control. Note that all samples were stored on ice overnight following

addition of inhibitor.

In vitro motility assay
In vitro motility was performed with intact, cleaved, or fully digested (no trypsin inhibitor)

HMM as described in Appendix 1, Section A1.2.

Force spectroscopy

The laser trap used in these experiments was the same as described in Guilford et al. with
minor modifications (Guilford et al., 2004). The laser is a 25 W, 1020 nm fiber laser (SPI
Lasers, Santa Clara, CA), and the digital signal processor has been replaced by a field-
programmable gate array (National Instruments, Austin, TX) with a user interface created

in LabVIEW (National Instruments). Back focal plane interferometry was used to measure
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the position of a trapped microsphere relative to the trap center, from which
measurements of displacement and force were calculated. The temporal resolution of the
detection system is 150 kHz. The sensitivity of the interferometer and the trap stiffness
were calibrated by the step response method (Dupuis et al., 1997; Svoboda and Block,
1994) and by fits to the power spectral density (Allersma et al., 1998).

The experimental setup for laser trap experiments is as follows (Figure 3). Coverslips were
coated with 3-10 um glass spheres (targets) and then coated with nitrocellulose were
prepared as in Guo and Guilford (2006) and assembled into flow cells. HMM was incubated
in the flow cell for 1 minute. The flow cell was then blocked with 1 mg/ml BSA in actin
buffer for 1 minute and washed with actin buffer. A suspension of actin buffer and actin-
coated microspheres was added to the flow cell. An oxygen scavenger system (0.125 mg/ml
glucose oxidase, 0.0225 mg/ml catalase, 2.87 mg/ml glucose) and 0.01 mM DTT were
included in the actin buffer and the microsphere suspension. The flow cell was placed onto

a piezoelectric microscope stage (nPoint Inc., Middleton, WI).
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Figure 3: Experimental set up. A microsphere coated in actin is captured in the laser trap. The laser is
rapidly stepped toward a nitrocellulose-covered glass bead coated in HMM, bringing the molecules
within binding range. The actomyosin bond is loaded by rapidly stepping the laser trap away from the

HMM-coated target. The load on the bond is directed perpendicular to the axis of the filament.

All experiments were performed in the absence of nucleotide with intact or cleaved HMM
in the presence of 0.025 M KCI (low ionic strength) or 0.145 M KCI (physiologic ionic
strength). Actin-coated microspheres were captured in a laser trap and brought into
contact with an HMM-coated target for 1 second (Figure 4). The concentration of HMM
used to coat the target depended on the experiment - 10 ug/ml HMM for bond rupture
experiments, or 80 ug/ml HMM for bond formation experiments. The laser trap was
stepped 200 nm away from the target and held there for 1 second before repeating this
cycle. The initial separation between the trapped microsphere and the target was random,
resulting in random compressive and tensile loads. Over a large number of experiments
this resulted in a range of random step loads being applied to actin-HMM bonds using the
laser trap. Bond formation was accompanied by the trapped microsphere remaining in
contact with the target after the laser trap was stepped away from it. Bond rupture was
accompanied by return of the microsphere to its original position away from the target.

The time to bond formation was defined as the time elapsed between stepping the laser
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toward the HMM-coated target and the observed bond formation. Bond lifetime was
defined as the time elapsed between stepping the laser away from the HMM-coated target
and bond rupture. The tensile load experienced by a bond was calculated from the stiffness
of the laser trap and the distance a microsphere moved to return to the center of the laser
trap. Details of individual laser trap experiments, including the determination of loads, are

given in the results section.
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Figure 4: A representative data trace collected for an intact HMM-coated target. (i) The actin-coated

microsphere was stepped 200 nm toward the stationary HMM-coated target which is visible as a jump
in the displacement signal. (ii) The molecules were allowed time to form a bond. (iii) ¢, the time
elapsed from when the microsphere was stepped toward the target and when a bond formed (time to
bond formation) was identified by a slight shift in the displacement signal and a decrease in Brownian
motion. (iv) The bond was then loaded perpendicular to the axis of the filament by stepping the laser
200 nm away from the HMM-coated target which is seen as a second jump in the displacement signal
in the opposite direction of the original shift. In bond rupture measurements, (v) the resulting bond
lifetime was measured as (iv) the time from when the laser was stepped away from the target to (vi)
the time that the bond ruptured and the microsphere returned to the center of the laser trap. Bond
rupture is characterized by the displacement signal returning to the original baseline accompanied by
areturn to the original level of Brownian motion in the displacement signal. (vii) The tensile load
experienced by a bond was calculated based upon the stiffness of the laser trap and the sensitivity of
the quadrant photodiode detector. In bond formation experiments, (vii) the compressive load
between the actin-coated microsphere and the HMM-coated target was calculated as the difference
between distance the laser was stepped and the distance the actin-coated microsphere actually
moved, multiplied by the stiffness of the laser. The second y-axis, Force (pN), is the product of the
displacement signal (V), the stiffness (pN/nm) and sensitivity (nm/V) calibrations specific to this
example data trace. Displacement signal values > 0 are not shown because the laser is refracted by the
target when the laser is nearby and therefore the stiffness and sensitivity calibrations measured far

from the target do not apply in that position. Laser trap stiffness is 0.10 pN/nm for the sample data

trace.
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In sum, the parameters that we can measure using optical force spectroscopy include: the
compressive force on a bond as it forms, the time to bond formation, the tensile force

applied to a bond, and the bond lifetime at that tension.

We are confident that our data measure the binding interactions between a single actin
filament and a single HMM molecule. The surface density of HMM is controlled such that it
is sparse enough to allow single-molecule interactions occur. If multiple bonds do occur,
the individual rupture events can be observed in the displacement signal and these data are

not included in our data set.

Loads were applied perpendicular to the axis of the filament. The minimum bond duration
that can be measured by our laser trap system is 62 us, which is the time it takes a
microsphere under a representative 7 pN force to travel the shortest distance at which it
would be outside the range of the noise, given a 99% confidence interval. Bonds shorter

than 4 ms were not measured.

Bond lifetimes were divided into 2 pN bins, within any one of which the lifetimes were
exponentially distributed. 95% confidence intervals of the mean of the exponentially

distributed bond lifetime data were calculated in each 2 pN force bin using the equation

22X, 23X,

22 (1)
Xa/lZn X]—(z/Z,Zn

oe

where X; is an exponentially distributed variable with mean 6 of n total measurements and

a=0.05 (Ross, 2009).

Bond lifetimes at near-zero load were measured as in Guo, et al. (2006) by holding an actin-
coated microsphere adjacent to an HMM-coated target and allowing bonds to form and
break under low, semi-random loads (Figure 5). Bond formation was identified by a

decrease in Brownian motion accompanied by a small shift in baseline, and bond rupture
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by a reversal of those changes. Fits to power spectral density were used to calibrate the

laser trap stiffness and detector sensitivity.
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Figure 5: A representative near-zero load data trace collected for an intact HMM-coated target. (i) The
actin-coated microsphere forms a bond with the HMM-coated target which is visible as a shift in the
displacement signal and a decrease in Brownian motion. (ii) The bond lifetime was measured as the
time from when a bond formation was observed, (i), until (iii) the bond ruptured and the microsphere
returned to the center of the laser trap. The tensile load experienced by a bond was calculated from
the displacement of the signal based upon the stiffness of the trap and the sensitivity of the quadrant
photodiode detector. As expected, the noise in the displacement signal is larger than that at higher
laser powers. Note the difference in scale of the y-axis from Figure 4. The second y-axis, Force (pN) is

calculated as in Figure 4. Laser trap stiffness is 0.002 pN/nm for the sample data trace.

Control experiments were performed at 0.145 M KCl with blank targets (no HMM) as well
as in the presence of 1 mM pyrophosphate in the microsphere suspension which is thought

to be analogous to the prehydrolysis, myosin-ATP state (Granicher and Portzehl, 1964).

2.3 Results
lonic strength has a modest effect on the actomyosin catch bond

Our data at low (Figure 6a) and physiologic ionic strength (Figure 6b) are consistent with

previous reports from our lab that found the actin-HMM bond to behave as a catch-slip
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bond (Guo and Guilford, 2006; Rao et al,, 2011). The peak bond lifetimes were greater at
physiologic ionic strength compared to low ionic strength, 0.15 s and 0.11 s, respectively,
though this difference is not statistically significant. The critical force (at which peak
lifetime occurs) was obtained from the fitted parameters from a two-pathway model
(Pereverzev et al., 2005, equation 9) and was similar for the two conditions - 4.09 and 3.95
pN at low and physiologic ionic strength, respectively. These values are slightly lower than
previously reported by us but are well-within the range of forces reported for the isometric
force generated by a single myosin molecule (Finer et al., 1994; Guilford et al., 1997; Molloy
et al.,, 1995; Takagi et al.,, 2006; Tyska et al., 1999), supporting the notion that bond kinetics

are closely matched to biomechanical function in myosin (Guo and Guilford, 2006).
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Figure 6: a: At low ionic strength the catch bond formed between intact HMM and actin (circle) is
abrogated when loop 2 is cleaved (open circle). Catch bond data were fit by the two-pathway model
(bold solid line) (Pereverzev et al., 2005). Cleaved HMM exhibited ideal bond behavior. These data
were fit by the single-pathway model (dashed line) (Bell, 1978). Near zero load data at low ionic
strength for intact HMM were fit by an exponential decay (unbold solid line) (Guo and Guilford, 2006).
Near zero load data points are off the scale of the axis. inset: Same as intact HMM shown in full figure
with vertical axis extended to include near zero load data. b: At physiologic ionic strength the catch
bond formed between intact HMM and actin (red triangle) is abrogated when loop 2 is cleaved (red
open triangle). Lines were fitted as in (a). a & b: There is a trend toward longer bond lifetimes at
physiologic ionic strength though this difference is not statistically significant. Color and symbols are
consistent with Figure 8. The mean number of bonds measured per 2 pN force bin was 58. Horizontal
error bars represent the standard error of the mean load for each 2 pN bin and most fall within the
symbols. Vertical error bars represent the 95% confidence intervals of the exponentially distributed

data.

As a control, the same measurement was performed at physiologic ionic strength both in
the presence of 1 mM Na4P207 (pyrophosphate; PPi) as well as in the absence of HMM (a
blank target surface). Both control conditions resulted in a flat bond lifetime profile over
the range of loads measured, confirming that non-specific bonds are roughly load-
independent (Guo and Guilford, 2006; Kong et al., 2009). The binding frequency - the
fraction of bonds formed per those attempted - was lower for the control than for the
experimental measurements. The binding frequency was 2.8% and 3.0% for HMM with PPi

and for blank targets, respectively. This compares to 11.1% and 19.8% for intact and
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cleaved HMM at low ionic strength, and 18.8% and 18.5% for intact and cleaved HMM at
physiologic ionic strength. These increased bond frequency and response to load suggest

that our bond lifetime measurements are actin-HMM specific.

Solution studies suggest the actomyosin bond lasts for tens to hundreds of seconds in
unloaded conditions (Marston, 1982), but more recent data (Guo and Guilford, 2006) as
well as the data we present here show a rapid decrease in bond lifetime with infinitesimal
loading. The mean bond lifetimes at loads of only 0.21 + 0.01 pN for low and physiologic
ionic strength were 1.9 + 0.6 s and 2.9 £ 0.7 s, respectively (p = 0.206). Data were fit using
an exponential decay, shown in Fig. 3a and b. This divergence of infinitesimal loads from
solution studies (zero load) has also been seen in catch bonds unrelated to actomyosin,
such as L- and P-selectin with receptor PSGL-1 (Fritz et al., 1998; Marshall et al., 2003;
Phan et al,, 2006; Sarangapani et al., 2004). It has been postulated that this rapid decrease
is due to loading of the actomyosin bond overcoming the tension of water at the interface
between the actomyosin molecules in an aqueous environment (Prezhdo and Pereverzev,

2009).

The actomyosin catch bond is the result of allostery

Myosin has been proposed to act as an allosteric catch bond (Rao et al., 2011). The
allosteric model describes molecules starting in one of two bound states, each with a
different dissociation rate, and the ratio of bonds in these states is dependent upon applied
force (Thomas et al,, 2006). In other wordes, it is possible that load applied to the
actomyosin complex changes the conformation of the complex from a relatively short-lived
state to a relatively long-lived state. To test this hypothesis, the fraction of bonds surviving
over time was plotted as a function of applied tensile load (Figure 7a) and fitted by

exponentials.

As previously reported, the bond survival data was significantly better fit by a double- than
a single-exponential decay (Rao et al., 2011); this is suggestive of an allosteric catch bond
mechanism (Thomas et al., 2006). A closer look at the force-dependent fraction of bonds

surviving in the short- and long-lived states shows that with increasing force the
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proportion of bonds shifts to the long-lived state (Figure 7b). A force-dependent Boltzmann
distribution was used to fit the distribution at steady state between the two hypothetical

states as in Snook and Guilford (2010),

/zm exp( -AE + - x, )/k T) (2)

where fis applied load, z is the number of bonds in a particular state i (short- or long-lived),
Ziotal 1S the total number of bonds, AE; is the energy difference between the two states, x;s is
the transition state distance between the two states, kg is the Boltzmann constant, and T is
the absolute temperature. This assumes that the redistribution between the states reaches
rapid equilibrium as force is applied. When the fit was extended to =0, 91% of bonds were
predicted to be in the short-lived state at zero load (analogous to solution studies, but not
reflecting the rapid increase in lifetime <2 pN). The fitted value of AE=1.8 £ 0.2 X 10-21].
The fit also predicts a conformational change of xis = 2.7 + 0.5 A accompanying myosin’s

transition to the long-lived state.
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Figure 7: a: The fraction of bonds surviving over time was plotted for two representative force bins, 2-
4 pN (green circle, n = 95) and 8-10 pN (blue open circle, n = 63) from the low ionic strength condition
with 10 pg/ml HMM present. 2-4 pN data were fit with a single (dotted line) and double exponential
decay weighted by time (solid line). 8-10 pN data were fit with a double exponential decay weighted
by time (dashed line). The two phases of the double exponential decay suggest a short- and a long-
lived bond state are present in each population. b: The fraction of bonds in a short- (black circle) and
long-lived (black open circle) state for each force bin in the low ionic strength condition with 10
ng/ml intact HMM is shown. The population of bonds shifts from a short-lived to a long-lived state
with increasing tensile load. Data were fit by a force-dependent Boltzmann distribution (Equation 2).

The mean total number of bonds in each 2 pN force bin (short- and long-lived state combined) was 56.

Loop 2 is required for catch bond behavior

Catch-bond behavior was abrogated with the cleavage of loop 2, suggesting that an intact
actin-binding loop is essential for the force-dependent transition from a short- to a long-
lived bond state. The bond between actin and cleaved HMM was best fit with a single
dissociation pathway from a single bound state (Bell, 1978) at both high and low ionic
strength (Figure 6a and b). Interestingly, the surviving bound state is the long-lived state,

suggesting that loop 2 functions to weaken the actomyosin bond.

One might argue that the observed differences between intact and cleaved HMM arose from

a population of inactive or aberrant heads present in the cleaved HMM. If so, this would
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likely be reflected in a change in actin filament motility driven by cleaved HMM. In vitro
motility was performed on intact, cleaved, and fully-digested HMM at equal surface
densities in the flow cell. The mean velocities of intact and cleaved HMM were 3.7+0.07
um/s and 4.4+0.10 um/s respectively. Actin filaments did not bind to fully digested HMM.
The mean velocity of intact and cleaved HMM samples displayed a trend opposite to those
reported in Bobkov, et al. (1996), where they observed a small decrease in velocity in
cleaved HMM. However, in their study motility of intact HMM was measured under a
different experimental condition (no methylcellulose) than was cleaved HMM.

Methylcellulose was used for all motility measurements reported here.

Load dependent 2D on-rates

The load-dependent 2D on-rate (the rate of bond formation) was measured over a range of
compressive forces (-4.0-21.7 pN) using a method reported previously by us (Rao et al,,
2011) and others (Chen et al., 2008) . Intact or cleaved HMM was applied to flow cells at a
concentration of 80 ug/ml. The surface density was increased because on-rate experiments
require a surface density high enough to overcome the limitations of diffusion in the ligand-
receptor interaction, whereas bond lifetime measurements necessitate low site densities to
ensure single bond events (Snook and Guilford, 2012). An actin-coated microsphere was
brought into contact with an HMM-coated target for 1 second, then rapidly stepped 200 nm

away perpendicular to the filament axis for 1 second. This cycle was repeated 30 times.

Bond formation was observed directly in the laser trap. We observe a change in the mean
signal magnitude and variance (due to Brownian motion) when the first bond forms
between the trapped bead and the target. The time to bond formation (¢») is the elapsed
time between arrival of the bead at the target and the moment of bond formation (Figure 4,

position iii). 2D on-rate is inversely related to tp:
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where m; is the site density of HMM on the nitrocellulose-coated targets (3300 heads/um?)
(Guo and Guilford, 2004), m; is the density of available myosin binding sites on actin-coated
microspheres (637 sites/um?), and A. is the effective contact area between the target and
trapped microsphere (0.14 um?) as calculated using equations 1 & 2 in Rinko et al. (2004).
Specific 2D on-rate data were fit using a “reverse Bell model” as in Snook and Guilford
(2010). The perpendicular, compressive force (f.) between the microsphere and the target
during bond formation was calculated as the difference between the distance the laser was
stepped and the distance the microsphere actually moved after bond rupture, multiplied by
the stiffness of the laser trap. Negative fc values indicate no contact between the
microsphere and the target, resulting in a time-averaged tensile rather than compressive

load.

Load-dependent specific 2D on-rates are shown in Figure 8. With increasing compressive
loads the specific 2D on-rates for intact HMM at low ionic strength approached the value
reported by Rao etal. (2.0 x 10-* um?/s) measured under similar conditions but without
controlling inward compression (Rao et al,, 2011). The two ionic strength conditions
displayed similar 2D on-rates at low compressive loads but diverged with increasing
compressive load. On-rates were lower at physiologic ionic strength. This inverse
relationship between ionic strength and 2D on-rate is consistent with previous
measurements of association rates using classical methods (Coates et al., 1985; Marston,

1982; Taylor, 1991; White and Taylor, 1976).
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Figure 8: Intact HMM binds to actin faster at low (solid black circle) and physiologic (solid red
triangle) ionic strength than cleaved HMM (open black circle and open red triangle are low and
physiologic ionic strength, respectively) over a range of compressive loads. The load-dependence of
specific 2D on-rate is reduced when cleaved HMM is forming bonds with actin at physiologic ionic
strength. Data were fit by a reverse Bell model (Snook and Guilford, 2010). The fitted value for the
specific 2D on-rate for cleaved and intact HMM at low and physiologic ionic strength were compared
using a z statistic and were not statistically different (p = 0.179 and 0.102). The mean number of
bonds per 2 pN force bin is 38. The range of independent microspheres used per condition is 139-171.

Data were divided into 2 pN bins and data points were plotted at the mean force value for each bin.

HMM with loop 2 cleaved exhibited lower specific 2D on-rates than intact HMM over the
range of forces measured. This is particularly apparent for cleaved HMM at physiologic
ionic strength, which additionally exhibited reduced load-dependence in its binding rate.
Bonds took ~2 times longer to form at physiologic ionic strength when loop 2 was cleaved
(p = 0.102). Botts et al. found the actin-S1 association constant decreased when S1 loops 1
and 2 were cleaved (Botts et al., 1982). Bobkov et al. similarly observed decreased affinity
of HMM for actin when loops 1 and 2 were tryptically cleaved, and to a lesser extent when

only loop 2 was cleaved (Bobkov et al., 1996). Our direct measurements of actin-HMM
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binding confirm that loop 2 cleavage decreases the actomyosin binding rate and show that

the reduction is similar at both low and physiologic ionic strength.

Cycling crossbridge model

If we assume that forces parallel to the filament axis act on the actomyosin crossbridge
similarly to those perpendicular to the filament axis we can predict how load-dependent
bond rupture may affect the crossbridge attachment time and total cycle time. To this end,
we developed a combined biochemical and biomechanical model starting with a population
of ADP-bound actomyosin (AMD) and ending with any of the dissociated states - ADP-
bound myosin (MD), nucleotide-free myosin (M), or ATP-bound myosin (MT) (Figure 9).
This model was used to predict the attached-state lifetime as a function of load under
physiologic conditions and the attached-state lifetime was subsequently used to calculate a
force-velocity relationship. Likewise, the total crossbridge cycle time was modeled from an
initial AMD state until the next AMD state was achieved. Biochemical (spontaneous or
nucleotide-dependent) and biomechanical (load-dependent) dissociation rates for each of
the steps were found in literature or experimentally determined for skeletal actomyosin.

Reverse rates were not included in the model.

k1 k2 k10
AMD — AM — AMT  AMDP— AMD

N ¢

MD — M — MT — MDP

Figure 9: The Cycling Crossbridge Model, with time to dissociation model components in red (k;-ks)
and the full crossbridge cycle in red and black (ki-ki0). In the biomechanical actomyosin unbinding
pathway, actin (A) is forcefully dissociated before or after ADP (D) release, and before unbound
myosin (M) binds ATP (T). In the biochemical unbinding pathway, ATP binds to actomyosin causing
actin dissociation. Biochemical on-rates for skeletal muscle: k> = 5000 s, k3 = 0.1 s’ (Howard, 2001),
ks=1s1(Howard, 2001), ks = 700 s'! (Millar and Geeves, 1988), ks = 1.85 s'1 (Bagshaw et al., 1973;
Trentham et al.,, 1972), k; = 1000 s'* (Millar and Geeves, 1988). Biomechanical on-rates for skeletal
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muscle: k, (f) =k, exp(—fd/kBT) (Veigel et al., 2003), where ko = 599.4 s'1 is the mean unloaded on-

rate for slow and fast skeletal S1 (Capitanio et al., 2006), fis tensile force, and kgT is thermal energy.
The crossbridge conformational change distance parameter associated with ADP release (also known
as “the second power stroke) is accepted to be small; we assumed it to be d = 0.5 nm. The remaining
two on-rates are both represented by the same one- or two-pathway model. For the catch bond two-
pathway model of bond rupture described earlier to fit our experimental data:

k,=k, =k’ exp(x(,f/kBT) +k’ exp(xs_f/kBT) (Pereverzev et al., 2005), where k. = 312.5 sl is the

unloaded on-rate for the catch pathway, x. = -7.2 nm is the characteristic bond length for the catch
pathway, ks = 7.1 s'1 is the unloaded on-rate for the slip pathway, and x; = 0.2331 nm is the
characteristic bond length for the slip pathway. For the slip bond single-pathway model of bond

rupture: k, =k, = kf exp(xs_f/kBT) , where ks = 4.1 s'1 and xs = 0.2795 nm. Biochemical on-rates for

phasic smooth muscle were as follows: k; and ks have a combined rate = 380 s1 (Khromov et al.,, 1996),
k3=0.0035s1, ks=0.004s1, ks=1.9s1,k;=12.8 s'1 (Cremo and Geeves, 1998). Biomechanical on-rate
for smooth muscle: k; is the same as above with ko =32 stand d = 2.7 nm (Veigel et al., 2003). Smooth
muscle was additionally modeled with biomechanical actomyosin unbinding using the experimental
k3 and k, from skeletal muscle for both the catch and slip bond because these values are unavailable
for smooth muscle. Initial unbound ATP concentration is 4 mM. Initial AMD concentration is 4.18 uM
for skeletal muscle and 0.352 uM for smooth muscle, estimated from number of myosin heads present
(Herrera et al.,, 2002; Linari et al., 1998) and duty ratio (Guilford et al., 1997) per sarcomere or cell
volume (Guilford and Warshaw, 1998; Linari et al., 1998).

There is evidence ADP dissociation from actomyosin is a function of load (k:(f)), where the

rate of dissociation is estimated as:
k(f) = k,exp(-fd/k,T) 4)

where ko is the detachment rate at zero load, fis the applied load, d is the crossbridge

conformational change distance parameter, and kgT is thermal energy (Veigel et al., 2003).
The results of the current work as well as others have shown that actin dissociation from

both ADP-bound and rigor actomyosin (Guo and Guilford, 2006; Rao et al,, 2011) are

likewise functions of load by a two-pathway (catch bond) model:
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1t (f) =k exp(x.f/k,T)+k'exp(x f /k,T) (5)

where t(f) is the mean bond lifetime at force ffor a catch bond, k.° and k;° are the
dissociation constants for unbinding through the catch and slip pathways, respectively, xc
and x; are the characteristic bond lengths of the catch and slip pathways, respectively
(Pereverzev et al,, 2005). This representation of catch-slip behavior is reasonable when the
transition between the short-lived and long-lived states is fast. Experimental values of
smooth muscle biomechanical dissociation for the two-pathway model are unavailable so
the experimentally determined skeletal muscle parameters from this study were used in

the phasic smooth muscle model.

A single pathway (slip bond) model was also used to model actomyosin dissociation as a

function of load to determine the importance of catch bond behavior:
1/1,(f) =k exp(x,f /k,T) (6)
where ts(f) is the mean bond lifetime at force f for a slip bond.

Velocity was calculated for each of the dissociation models (biochemical, slip
biomechanical, and catch biomechanical) by dividing the time to %2 detachment by
myosin’s unitary step size to predict the skeletal and smooth muscle force-velocity
relationship. The unitary step size is 5 nm for skeletal (Finer et al., 1994; Guilford et al,,
1997; Kitamura et al., 1999; Saito et al., 1994; Uyeda et al., 1990) and smooth muscle
myosin (Guilford et al., 1997).

The catch bond increases the crossbridge dissociation rate

The cycling crossbridge model predicts that the catch bond of skeletal muscle myosin may
accelerate unloaded shortening at forces below 2 pN of tensile load compared to the
biochemical model (Figure 10). The time to crossbridge dissociation is similar for both

biochemical and catch or slip biomechanical actomyosin dissociation over a range of forces
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above 2 pN, but is shortened below 2 pN when the catch bond is included. Therefore, the
majority of crossbridges will dissociate due to ATP binding at forces above 2 pN, and due to
bond rupture below 2 pN. The model similarly predicts that the skeletal muscle duty ratio
will be reduced at loads less than 2 pN (Figure 11) compared to biochemical dissociation,
suggesting that loop 2 increases the unloaded sliding velocity at the expense of force
generation at low loads. The duty ratio calculated by the model is similar to the
experimentally-determined 0.71-3.8% reported previously (Guo and Guilford, 2004; Harris
and Warshaw, 1993).
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Figure 10: The time for half of the skeletal muscle crossbridge population to reach an unbound state,
determined by the pathway presented in Figure 9 over a range of forces with biochemical (solid line),
slip bond biomechanical (green dashed line), or catch bond biomechanical (red dashed line)
actomyosin dissociation in steps 3 and 4. Catch bond biomechanical crossbridge dissociation is
predicted to cause faster crossbridge detachment and therefore shorter bond lifetimes than
biochemical dissociation alone or slip bond biomechanical dissociation at tensile loads <2 pN. The
biomechanical and biochemical crossbridge dissociation rates are predicted to be similar at forces >2

pN for skeletal muscle.
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Figure 11: The duty ratio of skeletal muscle crossbridges predicted by the cycling crossbridge model
over a range of forces with biochemical (solid line), slip bond biomechanical (green dashed line), or
catch bond biomechanical (red dashed line) actomyosin dissociation in steps 3 and 4 of the model.

Duty ratio is reduced by catch bond biomechanical dissociation at forces below 2 pN.

But where the catch bond may have a dramatic impact is in a slower myosin, like smooth

muscle myosin.

If we apply our skeletal actomyosin catch bond dissociation rates to a model of phasic
smooth muscle myosin, the force-dependent catch bond may significantly decrease the
actomyosin bond lifetime and duty ratio over a broad range of tensile loads. In a slower
muscle type such as phasic smooth muscle, the force-dependent catch bond may
significantly decrease the actomyosin bond lifetime (Figure 12) and duty ratio (Figure 13)
over a broad range of tensile loads. When the actomyosin catch bond is included in the
model crossbridges dissociate more quickly than when steps 3 and 4 are mediated by
biochemical dissociation alone. As expected, the time to detachment in the slip bond
biomechanical model was similar to the biochemical time at low forces and diverged with

increasing tensile load, resulting in decreased time to detachment to a value similar to that
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of the catch bond biomechanical model. The smooth muscle duty ratio for the biochemical
model increases with force to a value close to 1 (100%). Biomechanical dissociation
significantly reduces the duty ratio, with slip bond biomechanical values diverging with

increasing force from those of biochemical dissociation.
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Figure 12: The time for half of the smooth muscle crossbridge population to reach an unbound state,
determined by the pathway presented in Figure 9 over a range of forces with biochemical (black solid
line), slip bond biomechanical (green dashed line), and catch bond biomechanical (red dashed line)
actomyosin dissociation in steps 3 and 4. Note the difference in scale of the y-axis from Figure 10.
Biomechanical crossbridge dissociation is predicted to result in faster crossbridge dissociation and

therefore shorter bond lifetimes than by biochemical dissociation alone.
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Figure 13: The duty ratio of smooth muscle crossbridges predicted by the cycling crossbridge model
over a range of forces with biochemical (black solid line), slip bond biomechanical (green dashed
line), or catch bond biomechanical (red dashed line) actomyosin dissociation in steps 3 and 4 of the
model. Duty ratio increases with force for biochemical dissociation and is significantly reduced for
slip bond biomechanical dissociation with increasing force. Catch bond biomechanical dissociation

significantly reduces duty ratio over the range of forces.

The time to crossbridge dissociation was used to predict a force-velocity relationship for
skeletal and smooth muscle. Median velocity should be proportional to the inverse time to
% detachment. Interestingly, Figure 14 suggests that a catch bond is required for a single
molecule to exhibit a hyperbolic force-velocity relationship similar to that originally
measured by Hill (1938) and classically representative of muscle fiber force-velocity
measurements. The same behavior has also been observed in mini-ensemble
measurements between a single actin filament and ~8 myosin heads, showing that this
relationship holds true even when scaled down to the molecular level (Debold et al., 2005).
This hyperbolic relationship is muted in smooth muscle or absent in skeletal muscle for

biochemical or slip biomechanical actomyosin dissociation.
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Figure 14: The force-velocity relationship predicted by the cycling crossbridge model for biochemical
(solid line), biomechanical slip (green dashed line), and biomechanical catch (red dashed line)
actomyosin dissociation in steps 3 and 4 for a: skeletal and b: smooth muscle. Median velocity is the

inverse of the time to 2 detachment.

Our cycling crossbridge model was designed for measuring the time between different
states of myosin and not meant to describe aggregate behaviors of myosin in an assembly,
but the model does suggest how it might behave. The failure of this model to predict Fy, the

force at which velocity drops to zero, is addressed in the discussion.

2.4 Discussion

Our data confirm that loop 2 accelerates actin-myosin binding, but also reveal that loop 2

serves as a force-dependent inhibitor of a long-lived rigor state.

Catch-bond behavior arises from the ability of actomyosin to form a short- or long-lived
bound state with the balance between them being force-dependent. One might suppose
that these two bound states are the weakly and strongly bound states; however, catch bond
behavior remained when the ionic strength was increased almost six fold. Therefore, it is
independent of weak binding, and the short- and long-lived states comprising the
actomyosin catch bond must arise from two force-dependent strong-binding states of
myosin. As our experiments were performed in the absence of nucleotide, these data

suggest that myosin has two rigor states, and that force regulates the distribution between
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them via loop 2. The actomyosin bond will typically form in the short-lived state, and
rupture from either the short- or long-lived states as biased by internally and externally

applied loads.

Rao et al. and others have suggested that myosin acts as an allosteric catch bond resulting
from movement at one of its hinge regions (Rao et al., 2011; Thomas et al., 2008). The
present data, however, suggest that a much smaller change in loop 2 or its adjoining
domains is responsible for the allosteric change from a short- to a long-lived bond state
shown in the scheme in Figure 15. Removal of either pathway would result in slip-bond
behavior, but the bond lifetime at low forces reveals which pathway has been eliminated.
Indeed, when loop 2 was cleaved catch bond behavior was eliminated and only the long-
lived pathway remained. Figure 6a and b show that loop 2 cleavage extended bond
lifetimes at low forces to durations greater than at the critical force of the catch bond; this

is the long-lived pathway.

38



AM AM
short-lived Ko(F 1) long-lived
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Figure 15: A scheme of the two states in which rigor myosin can bind actin (AM) and unbind (A+M)
from actin. Myosin binds at rate k.;(F.’) in the short-lived state under a compressive load F.- applied
perpendicular to the filament axis. A perpendicular tensile load F.* applied to this short-lived bond
will cause the bond either to break at rate k.;(F.#) or to transition into a long-lived bond state with rate
kz(F.*). Bonds that are in a long-lived bond state rupture at rate k3(F.7). Bonds form and rupture faster
in the short-lived state than in the long-lived state. The majority of bonds form in the short-lived state

and transition to a long-lived state instead of forming directly in the long-lived bond state.

The rates of actomyosin bond rupture were experimentally determined to be load-
dependent. Our experiments, however, were performed in a single nucleotide state (rigor).
We therefore sought to determine the overall effect of load-dependent actomyosin
dissociation on the crossbridge cycle. To understand how the load-dependent rupture of
the actomyosin bond could potentially affect a cycling crossbridge, and the role of loop 2 in
particular, we modeled rate of passage of myosin through the crossbridge cycle under the
influence of load. Our model predicts the time required for a population of actomyosin
bonds starting in the ADP-bound state to dissociate through biochemical (spontaneous or
nucleotide-driven dissociation) or biomechanical (load-dependent dissociation) pathways
to unbound myosin. Interestingly, our model predicts that skeletal muscle crossbridges are
more likely to dissociate because of applied mechanical tension at low loads than by
nucleotide binding. The opposite is true above ~2 pN. Therefore, the main impact of the

catch bond on the cycling crossbridge in skeletal muscle may be to enable higher unloaded
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shortening velocities. During shortening, attached crossbridges impose a resistive drag on
others that are undergoing power strokes, thus reducing sliding velocity. Hooft et al.
suggested that reducing the bond duration of resistive myosin heads increases the
shortening velocity (Hooft et al., 2007), thereby overtaking ATP binding in limiting
shortening velocity. When a similar model is applied to a slower-cycling phasic smooth
muscle, however, the catch bond is predicted to increase the crossbridge dissociation rate
and therefore decrease bond duration over a wide range of forces (0-10 pN). This may act
as a mechanism to prevent crossbridges from remaining bound too long. The evolutionary
history of class Il myosin (Korn, 2000) suggests that the loop 2 catch bond function may
have developed in smooth and non-muscle myosin, but may have later become vestigial in
skeletal muscle myosin where the crossbridge movement accompanying ADP release is

small.

The reader is cautioned, however, that not all the necessary parameters are available for an
accurate and comprehensive model of phasic smooth muscle. These unknowns include the
biomechanical dissociation rates of smooth actomyosin, and the rate of phosphate release
from myosin in step 9. As a result, our estimates of detachment rate and duty ratio differ
significantly from published estimates, particularly for the catch bond biomechanical

model (Harris and Warshaw, 1993; Veigel et al., 2003). However, we know there is a steep
rise in bond lifetime at zero load that could explain this difference (Guo and Guilford, 2006).
Nonetheless, we predict that the catch bond will result in a dramatic decrease in duty ratio,
providing evidence that loop 2 is an important regulator of bond lifetime that may prove

especially important in slower muscles.

The force-velocity relationships predicted by our simple model reflect the inherent load-
dependence of the actomyosin interaction at the single-molecule level and shows that it
may be due to catch bond biomechanical dissociation, not just the load dependence of
biochemical kinetics alone. However, the cycling crossbridge model we present was not
meant for calculating force-velocity curves and has hidden assumptions that are not
conducive to a proper force-velocity prediction. For example, our model does not take into

account to the compliance of the molecules, which would lead to futile motion, nor does it
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incorporate the load-dependence of the power stroke or the drag caused by neighboring
crossbridges. Further, our model relies upon biomechanical dissociation rates that we
measured with tension applied perpendicular to the axis of the filament. This loading
direction is less physiological than axial loading, but offers a defined direction to the load
on the bond. The compliance of the myosin molecule suggests that a tension applied to the
actomyosin crossbridge parallel to the filament axis is not pure shear, nor is it purely

tensile or compressive.

Though allostery accounts for catch bond behavior in bond rupture, the allosteric model of
bond formation does not account for the observed load-dependence of bond formation
(Snook and Guilford, 2010). Our load-dependent specific 2D on-rate data suggest that in
applying a compressive load we are forcing the opposing binding sites together. This has
been termed a “reverse Bell model,” in which the energy landscape for bond formation is
tilted and therefore activation energy required to form a bond is lowered (Snook and

Guilford, 2010).

There is not enough evidence to determine whether the observed effects of compressive
load on actomyosin binding are physiologically important. As the filaments slide, the bond
formation may occur under a compressive force if it does so as the myosin head is
approaching its binding site on actin; this is because the continuing motion of the filaments
may drive the myosin head into its binding site. Similarly, bond formation may occur under

a tensile force if it does so after the myosin head has passed its binding site on actin.

lonic strength is an important factor in the initial collision complex formation between
actin and myosin as well as development of the subsequent attached state in actomyosin
binding (Geeves and Conibear, 1995). Because of decreased actin-myosin binding affinity at
physiologic ionic strength, classical solution studies (Eisenberg and Moos, 1968; White and
Taylor, 1976) and actin-myosin in vitro motility (Takiguchi et al., 1990) have often been
performed in non-physiologic, low ionic strength conditions. The geometric constraints
acting on actin and myosin in vivo overcomes the problem of decreased binding affinity.

The design of our experiments creates a partially constrained geometry in which the
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molecules are restricted to approximately planar movement, thereby allowing the

actomyosin bond to be examined at physiologic ionic strength.

The data in Figure 6a and b, and Figure 8 show mirroring effects of ionic strength on bond
formation and rupture. That is, physiologic ionic strength gives rise to low rates of bond
formation but also gives rise to low rates of bond rupture (i.e. long lifetimes). Similarly,
reduced ionic strength gives rise to high rates of bond rupture and also high rates of bond
formation. Microscopic reversibility explains this as the same energy barrier being
overcome to break a bond as was overcome in forming it. In this instance, ions must be
excluded from the binding interface to allow ionic and hydrophobic interactions to form.
When the ion concentration is increased, more energy is required to remove the ions from
the binding interface. Similarly, there is an increase in energy needed to rescind the
hydrophobic interactions between the binding interfaces of the two proteins and to

resolvate them when ionic strength is high.

2.5 Conclusion

Loop 2 was previously thought to act only in searching out the myosin binding site on actin.
Our data suggest that loop 2 also regulates actomyosin crossbridge kinetics in a force-
dependent manner through its integral role in catch bond behavior, supporting the
hypotheses we put forward in Aim 1A and B. This introduces loop 2 as an important
regulator of the actomyosin rigor bond. We were also able to make simple predictions of
the effect of loop 2 load-dependent actomyosin unbinding on crossbridge cycling using the

model proposed as part of Aim 1C.
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Chapter 3: cMyBP-C
phosphorylation-dependent

crossbridge regulation
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3.1 Introduction

cMyBP-C is a regulatory protein that modulates muscle structure and function in the heart.
This 140 kDa protein is made up of 11 immunoglobulin and fibronectin type III domains.
The C-terminus of cMyBP-C is thought to anchor it to the thick filament backbone and titin,
and the N-terminus is thought to be responsible for regulating crossbridge kinetics. It has
been proposed that the N-terminal domains of cMyBP-C bind physiologically both to actin
and to myosin (Pfuhl and Gautel, 2012). Recent evidence suggests that cMyBP-C also
interacts directly with tropomyosin to promote thin filament activation (Mun et al., 2014).
The cardiac isoform is of particular interest as mutations in cMyBP-C are a leading cause of
hypertrophic cardiomyopathy (Harris et al,, 2011), and phosphorylation is implicated in
modulating the ability of cMyBP-C to regulate the actomyosin crossbridge (Sadayappan et
al,, 2005, 2006). cMyBP-C phosphorylation also appears to protect tissue from ischemia-

reperfusion injury, suggesting that cMyBP-C may be cardioprotective under some

conditions.
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Figure 16: Diagram of cMyBP-C domains where immunoglobulin-like domains are rectangular and
fibronectin type IIl domains are oval. The disordered M-motif between domains C1 and C2 contains 4
phosphorylation sites. Domain C10 contains 4 nitrosylation sites. Domains evidenced to bind actin

and myosin S2 are indicated.

All isoforms of MyBP-C (skeletal and cardiac) contain a disordered region known as the M-
motif, which lies between domains C1 and C2. The cardiac isoform contains four putative
regulatory phosphorylation sites responsive to 3-adrenergic stimulation, serines S273,

§282,S302, and S307 (in mice) (Gautel et al,, 1995; Jia et al., 2010). Phosphorylation is
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hierarchical, starting with S282, which then allows phosphorylation of S273 and S302
(Gautel et al., 1995). Substantial cMyBP-C phosphorylation has been observed in humans
and mice (Copeland et al,, 2010; Dijk et al,, 2009; Jacques et al., 2008; Sadayappan et al.,
2005, 2006), and its dephosphorylation is characteristic of heart failure (Copeland et al,,
2010; Jacques et al., 2008; Sadayappan et al., 2005). cMyBP-C phosphorylation has been

shown to regulate crossbridge function in a graded manner (Weith et al,, 2012b).

The N-terminal C0-C1 domains and first 17 amino acids of the M-motif of cMyBP-C are
minimally required for phosphorylation-modulated inhibition of in vitro actomyosin
motility (Weith et al,, 2012a), but it remains unclear which crossbridge protein is the

primary physiologic binding partner of cMyBP-C.

Here we use single-molecule force spectroscopy to measure the bond lifetimes of N-
terminal cMyBP-C with actin and with HMM in the rigor state over a range of applied
tensile loads. We performed these measurements using a fragment of cMyBP-C that
includes domains CO through C3, a region encompassing the reported actin and myosin
binding domains as well as the phosphoregulatory M-motif. To control the phosphorylation
state of the M-motif, two bacterially-expressed fragments were used - one with native
serine residues and a second in which the four endogenously phosphorylatable serines
were replaced with aspartic acid to mimic the phosphorylated state. Our data suggest that
N-terminal cMyBP-C does not regulate crossbridge force generation through imparting a
phosphorylation-dependent drag on the actin filament or the myosin head alone. We
propose that cMyBP-C requires the actomyosin complex as a binding partner to regulate
cardiac contractility through an imposed mechanical drag or through alteration of a kinetic

rate of the crossbridge cycle.

3.2 Methods

Proteins
HMM and F-actin were purified from rat skeletal muscle as described in Appendix 1,

Section Al.1. For laser trap experiments, F-actin was biotinylated and coupled to
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streptavidin-coated microspheres. For use in the in vitro motility assay, F-actin was

stabilized with TRITC-phalloidin.

cMyBP-C N-terminal fragments were provided by the Warshaw Lab (University of
Vermont). These were bacterially expressed from mouse cardiac cDNA using a pET
expression system (Novagen, Madison, WI) (Sadayappan et al., 2005). Two different N-
terminal fragments were expressed, wild type COC3 (amino acids 1-539) and COC3 with
aspartic acids (D) to mimic phosphorylation at S273, S282, S302, and S307 (referred to as
C0C3-4D). Fragments used in HMM bond lifetime experiments were expressed containing a
biotin attached to the N-terminus of domain CO by a 15 amino acid peptide tag (Avidity,
LLC, Aurora, CO).

PPPP
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Figure 17: Diagram of N-terminal cMyBP-C domains CO through C3 that comprise the bacterially-
expressed COC3 fragments. Fragment COC3 was expressed with the native serine residues in the M-
motif. Four serines within the M-motif (S273, $282, S302, S207) were replaced with aspartic acids (D)
to mimic phosphorylation in phosphomimetic fragment COC3-4D. Biotinylated fragments were

expressed containing a peptide tag-attached biotin sequence at the N-terminus of domain CO.

Similar to preparation of actin-coated microspheres, biotin-tagged COC3 and C0C3-4D were
coupled to streptavidin-coated microspheres by suspending a solution of microspheres in a
saturating concentration of COC3 or C0C3-4D, blocked with 1 mg/ml BSA to reduce non-
specific interactions, and were stored in actin buffer with 10 mM DTT on ice at 4°C for up to
3 days. Microspheres were diluted immediately before use in actin buffer containing 10
mM DTT. An ultrasonic dismembrator was pulsed in diluted bead solution immediately

before use to break apart clumps of microspheres.
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Force spectroscopy

The laser trap used in these experiments is described in Appendix 1, Section A1.2.

Coverslips coated with 3-10 pm glass spheres (targets) and then coated with nitrocellulose

were prepared as in Guo and Guilford (2006) and assembled into flow cells.

For actin-C0C3/4D bond lifetime measurements: 1 nM COC3 or C0C3-4D was incubated in
the flow cell for 2 minutes. The flow cell was then blocked with 1 mg/ml BSA in actin buffer
for 2 minutes and washed with actin buffer. A suspension of actin buffer and biotinylated
actin microspheres was added to the flow cell. Bond lifetime measurements were made
between COC3 or COC3-4D on the flow cell surface targets and an actin-coated microsphere

captured in the laser trap (Figure 18a).

For HMM-C0C3/4D bond lifetime measurements: 10 ug/ml HMM was incubated in the flow
cell for 2 minutes. The flow cell was then blocked with 1 mg/ml BSA in actin buffer for 10
minutes and washed with actin buffer. A suspension of actin buffer and COC3- or COC3-4D-
coated microspheres was added to the flow cell. All HMM experiments were performed in
the absence of nucleotide (in rigor). Bond lifetime measurements were made between
HMM on the flow cell surface targets and a COC3- or COC3-4D-coated microsphere captured

in the laser trap (Figure 18b).
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Figure 18: Experimental set up. a: A microsphere coated in biotinylated actin is captured in the laser

trap. The nitrocellulose-covered target surface is coated in COC3 or C0C3-4D. b: A microsphere is

coated in biotinylated COC3 or COC3-4D. The nitrocellulose-covered target surface is coated in HMM.

Protein-coated microspheres were captured in a laser trap and brought into contact with a

protein-coated target for 1 second (Figure 4). The laser trap was stepped 200 nm away

from the target and held there for 1 second before repeating this cycle. The initial

separation between the trapped microsphere and the target was random, resulting in

random tensile loads experienced by the bond between actin or HMM and a cMyBP-C

fragment. Over a large number of experiments this resulted in a range of random step loads

being applied to actin or HMM-C0C3/4D bonds using the laser trap. Bond formation was
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accompanied by a decrease in Brownian motion and a small shift in displacement, as well
as the trapped microsphere remaining in contact with the target after the laser trap was
stepped away from it. Bond rupture was accompanied by return of the microsphere to its
original position away from the target. Bond lifetime was defined as the time elapsed
between stepping the laser away from the HMM-coated target and bond rupture. The
tensile load experienced by a bond was calculated from the stiffness of the laser trap and

the distance a microsphere moved to return to the center of the laser trap.

Control experiments were performed with blank targets (no COC3- or COC3-4D on targets
with actin-coated microspheres, and no HMM on targets with COC3- or COC3-4D-coated

microspheres).

Zero load spectroscopy
Bond lifetimes between actin or HMM and COC3 or COC3-4D at near-zero load were

measured as described in Chapter 2, Section 2.

Actin bond formation measurements

The frequency of bond formation was measured over a range of COC3 surface densities to
determine a concentration at which 50% or greater binding occurs. To measure the
frequency of bond formation, an actin-coated microsphere was stepped in and out of
contact with a C0C3-coated target surface with a range surface densities (50-400 nM COC3).
The frequency of bond formation was calculated as the number of trapped-microsphere
target contacts resulting in a bond divided by the total number of contacts. Based on the
results from these measurements, all bond formation experiments were performed while

incubating 400 nM COC3 or COC3-4D in the flow cell.

The probability of bond formation was measured as a function of contact time between the
actin-coated microsphere and the cMyBP-C fragment-coated target. Flow cells were
assembled as previously described with COC3 or COC3-4D adsorbed to the nitrocellulose-
coated target surface and biotinylated actin coupled to the laser-trapped microsphere.

Similar to Chesla et al. (1998), we determined adhesion probability as a function of contact
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time between two surfaces by repeatedly stepping an actin-coated microsphere into
contact with a stationary cMyBP-C fragment-coated target and counting the number of
bonds formed for a fixed number of contacts. The molecules were stepped in and out of
contact with a constant step-out time of 1000 ms and a range of contact (step-in) times (5-
3200 ms). The adhesion probability, the number of times a bond was observed divided by
the total number of contacts, was plotted as a function of contact time. Adhesion

probability (P,) data were fit according to Chesla et al. (1998) with the equation:

P =1- exp{—Acmrml %[1 - exp(—kft)]} (7)

where A. is the contact area, m; is the receptor density, m; is the ligand density, k/ is the
specific rate of bond formation, k,? is the specific rate of bond rupture, and t is the contact
duration. Because m, and m; are as yet unknown to us, we fit our data by lumping unknown

constants A¢, mr, and m; with k/ into one fitted parameter.

Time to bond formation (¢») was also measured to validate our adhesion probability
measurements. t, was measured between single COC3 or COC3-4D binding sites on actin-

coated microspheres using the method described in Appendix 1.

cMyBP-C N-terminal fragment in vitro motility assay

Actomyosin motility in the presence of the COC3 cMyBP-C N-terminal fragments was
measured as described by others (Saber et al,, 2008; Weith et al., 2012a) at 30°C. Briefly, 32
ug/ml HMM was applied to a flow cell made of a glass slide and nitrocellulose-coated
coverslip separated by mylar shims. After a 1 minute incubation, the flow cell was blocked
with 1% BSA in actin buffer with 10 mM DTT for 1 minute, followed by addition of TRITC-
phalloidin labeled actin filaments. After a 1 minute incubation, the flow cell was washed
with actin buffer with 10 mM DTT and exchanged with a final motility buffer (25 mM KCL,
25 mM Imidazole, 1 mM EGTA, 4 mM MgCl;, 10 mM DTT, 1 mM ATP, 0.5% Methyl Cellulose,
pH 7.4) containing an oxygen scavenger system and a range of COC3 concentrations. The

flow cell was incubated for 1 minute at 30°C before imaging. The mean velocities of
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filaments and the fraction of filaments that move were determined using the tracking

algorithm described in Snook, et al. (2008).

3.3 Results

Phosphorylation does not modulate load-dependent cMyBP-C fragment bond lifetimes with
actin

To determine if phosphorylation within the motif region can modulate the cMyBP-C N-
terminal fragment’s ability to inhibit actomyosin motility, we directly characterized
cMyBP-C-actin interactions at the molecular level. Individual binding events between actin
and either COC3 or COC3-4D were observed and the duration of these bonds (lifetime) were
measured under an applied tensile load. Figure 19 shows that actin bond lifetime with both
COC3 and COC3-4D decreases similarly over the range of tensile loads we tested. The bonds
between actin and the N-terminal fragments were each best fit with a single dissociation
pathway from a single bound state (Bell, 1978). This increased rate of bond rupture with
growing applied tensile loads, also known as slip bond behavior, has been widely observed
in a variety of receptor-ligand pairs (Alon et al., 1995; Marshall et al., 2003; Merkel et al.,
1999; Pierres et al., 1996).The fitted values for the unloaded bond dissociation rate for
actin with COC3 and COC3-4D were compared using a z statistic and were not statistically

different (p = 0.4).
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Figure 19: The duration of actin bonds with COC3 (solid circles) and C0C3-4D (open circles) decrease
similarly with applied tensile load. COC3 and C0C3-4D data were fit by a single-pathway model (solid
and dashed lines) (Bell, 1978). Near zero load data were fit by an exponential decay (unbold solid and
dashed line, arrow) (Guo and Guilford, 2006). Near zero load data points are off the scale of the axis.
Inset: Same as shown in full figure with vertical axis extended to include near zero load data. The
mean number of bonds measured per 2 pN force bin was 64. Horizontal error bars represent the
standard error of the mean load for each 2 pN bin and most fall within the symbols. Vertical error

bars represent the 95% confidence intervals of the exponentially distributed data.

As a control, the same measurement was performed between actin-coated microspheres
and a blank target surface (no COC3 or COC3-4D present). The control condition resulted in
a flat bond lifetime profile over the range of loads measured, confirming that non-specific
bonds are roughly load-independent (Guo and Guilford, 2006; Kong et al., 2009). The
binding frequency - the fraction of bonds formed per those attempted - was lower for the
control than for experimental conditions. The binding frequency was 2% for actin with
blank targets, compared to 16 and 12% for COC3- and COC3-4D-coated targets, respectively.
These increased bond frequencies and response to load suggest that our bond lifetime

measurements were specific between actin and COC3 or COC3-4D.
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To determine the bond lifetimes in the same physical system but at near-zero load, an
actin-coated microsphere was captured and placed adjacent to the fragment-coated surface.
Bonds were allowed to form and break with low, semi-random loads. The mean bond
lifetimes at loads of only 0.18 + 0.02 pN for COC3 and COC3-4D were 2.2 £ 0.5 and 2.9 0.9 s,
respectively (p = 0.99) (Figure 19, inset). Our zero load data are consistent with Weith et al.
whose three-bead laser trap assay measured bond lifetimes between actin and COC3 were
indistinguishable from PKA-tread COC3 phosphorylated at the same four serines that are
modified in the current COC3-4D fragment (Weith et al., 2012a).

The frequency of bond formation at zero load (By) was calculated using the equation:

BO = n/(tmtul - tbound) (8)

where n is the total number of bonds formed, t:o:r is the duration of time for which the
microsphere was adjacent to the surface (proteins were within binding range), and tpound is
the duration for which binding was observed. By was 0.006 bonds/s both for actin binding
to COC3 as well as actin and COC3-4D.

Phosphorylation does not modulate load-dependent cMyBP-C bond lifetimes with HMM

The inhibitory effect of N-terminal cMyBP-C on actomyosin motility and shortening
velocities in fibers could also be explained by phospho-regulated N-terminal binding to
myosin by restricting the motion of the myosin head or by altering the kinetics of myosin’s
motion generation (Calaghan et al., 2000; Hofmann et al., 1991a). Therefore, we also
directly characterized individual binding events between HMM and either COC3 or COC3-
4D under an applied tensile load. Similar to the binding events with actin, bond lifetimes
between HMM and COC3 and those with COC3-4D decreased equivalently over a range of
tensile loads (Figure 20). The bonds between HMM and the fragments were best fit with a
single dissociation pathway from a single bound state (Bell, 1978). The fitted values for the
unloaded bond dissociation rate for HMM with COC3 and COC3-4D were compared using a z
statistic and were not statistically different (p = 0.4). This is the first direct measurement of

single molecule interactions between the N-terminal head region of myosin and cMyBP-C.
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Figure 20: The duration of HMM bonds with COC3 (solid triangles) and COC3-4D (open triangles)
decreases with applied tensile load. COC3 and C0C3-4D data were fit by a single-pathway model (solid
and dashed lines) (Bell, 1978). Near zero load data were fit by an exponential decay (unbold solid and
dashed lines) (Guo and Guilford, 2006). Near zero load data points are off the scale of the axis. Inset:
Same as shown in full figure with vertical axis extended to include near zero load data. The mean
number of bonds measured per 2 pN force bin was 44. Horizontal error bars represent the standard
error of the mean load for each 2 pN bin and most fall within the symbols. Vertical error bars

represent the 95% confidence intervals of the exponentially distributed data.

As a control, the same measurement was performed between C0C3-coated microspheres
and a blank target surface (no HMM). The control condition resulted in a flat bond lifetime
profile over the range of loads measured. The binding frequency was 4.5% for COC3 with
blank targets, compared to 16 and 13% for HMM-coated targets with COC3- and C0C3-4D-

coated microspheres, respectively.
Bond lifetimes between HMM and COC3 or C0C3-4D were also measured at near-zero load

as described for actin binding with the fragments. The mean bond lifetimes were 1.9 + 0.4

and 1.7 = 0.3 s for COC3 and COC3-4D, respectively (p = 0.5), under a mean load of 0.14
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+0.01 pN (Figure 20, inset). By did not differ between HMM binding with COC3 or COC3-4D,

with a value of 0.01 bonds/s for each fragment.

Frequency of bond formation as a function of COC3 surface density

Bond formation in the laser trap must be measured at a higher surface density of the target
protein (COC3 or COC3-4D in these experiments) in order to overcome the limitations of
diffusion in the ligand-receptor interaction, whereas bond lifetime measurements
necessitate low site densities to ensure single bond events (Snook and Guilford, 2012).
Therefore, the frequency of bond formation was measured over a range of COC3 surface

densities to find a concentration at which 50% or greater binding occurs.

A laser-trapped actin-coated microsphere was stepped in and out of contact with a COC3-
coated target surface. The number of bonds formed per total number of contacts was
calculated to determine the frequency of bond formation for a range of COC3
concentrations (50-400 nM) (Figure 21). Contact and step-out times were 1000 ms each for
all experiments. The large error seen at 50 nM COC3 is due to a small sample size. Based on
these data, all bond formation experiments were performed by applying 400 nM COC3 or
COC3-4D to the surface of the flow cell.
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Figure 21: The frequency of bond formation was measured for actin with a range of COC3

concentrations. Data are mean #* standard error. The mean number of steps per data point is 594.

Actin binding is unaffected by COC3 phosphorylation

To determine whether cMyBP-C phosphorylation affects actin-cMyBP-C bond formation

rates, we measured the probability of bond formation as a function of fixed contact times

between the actin-coated microsphere and COC3 or C0C3-4D-coated target surface. Similar

to Chesla et al. (1998), we counted the number of bonds formed for a fixed number of

contacts over a range of contact times (5-3200 ms). Adhesion probabilities were plotted as

a function of contact time (Figure 22). The resulting data were fitted as in Chesla et al.

(1998) using Equation 7.
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Figure 22: The adhesion probability plotted as a function of contact time for actin-coated
microspheres making contact with COC3- (black circles) or COC3-4D- (open circles) coated targets.
Adhesion probability was defined as the number of bonds formed divided by the total number of
attempts. Equation 7 was fit to the COC3 (solid line) and C0C3-4D (dashed line) data to determine the
rate of bond formation. Data are mean * standard error. The mean number of steps per data point

was 817.

Data were fit by lumping constants Ac, m,, and m; with k/? into one fitted rate parameter.
The value of the fitted parameter was 2.4 £ 0.7 x 103 ms't and 2.3 + 0.6 x10-3 ms™! for COC3
and COC3-4D, respectively. In addition to the specific 2D rate of bond formation, this
parameter includes the contact area and receptor and ligand densities that are the same in
both the COC3 and COC3-4D experimental conditions. Thus, any difference observed in this

fitted parameter would result from a difference in bond formation rate.

Formation of a bond between actin on the trapped microsphere and COC3 or C0OC3-4D on
the target surface can be directly observed. We therefore validated our relative rates of
bond formation using an alternate technique in which we directly measured the time to

bond formation (t») between single COC3 or C0C3-4D binding sites on actin-coated
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microsphere. t, was defined as the time elapsed between microsphere-target contact and
the observed formation of a bond. Figure 23 shows the ¢t for actin binding with COC3 and
C0C3-4D, measured for observed bond formations in data traces collected from one flow
cell at the 3200 ms contact time in the adhesion probability experiments described above.
The mean t, was 0.59 and 0.68 s for actin binding with COC3 and COC3-4D, respectively (p =
0.9). The similar ¢, for the fragments binding with actin supports our adhesion probability
finding of no difference in the rate of bond formation with actin between the

unphosphorylated and phosphomimetic N-terminal cMyBP-C fragment.
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Figure 23: Time to bond formation measured at a representative contact time (3200 ms) was similar
for actin with COC3 (n = 60) and COC3-4D (n = 41), p = 0.9. Error bars represent the 95% confidence

intervals of the exponentially distributed data.

COC3 in vitro motility

Depressed motility has been observed by others with this (Weith et al., 2012a) and other
C1 and M-motif-containing N-terminal cMyBP-C fragments (Razumova et al., 2006; Weith
et al,, 2012a). In order to confirm the activity of the fragment, we performed in vitro

motility in the presence of COC3 fragments over a range of concentrations (0-1 uM). The
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HMM-propelled actin sliding velocity decreased as a function of the COC3 concentration
(Figure 24), while the fraction of filaments moving was similar regardless of COC3

concentration (65 * 2 %). Data were fit using

v = (9)

where v is the velocity, vimax is the maximum velocity, [I] is the concentration of inhibitor, k;
is the inhibitor concentration at %2 vmax, and n is the Hill coefficient. vinax was experimentally
determined to be 6.04 um/s in the absence of COC3. The fitted value of k; = 0.81 uM and the

fitted value of n = 0.7.
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Figure 24: Concentration-dependent decrease in HMM-driven actin filament sliding velocity in the
presence of COC3 fragments (black circles). Data were fit using Equation 9. The fitted value of k; = 0.81

uM and the fitted value of n = 0.7. Data are mean * standard error (n = 9).

In vitro motility was not performed in the presence of the phosphomimetic COC3-4D

fragment due to the limited availability of protein fragments.

3.4 Discussion

Phosphorylation relieves inhibition of actomyosin motility caused by cMyBP-C even in the
absence of thin filament regulatory proteins, revealing that the primary regulatory
mechanism cMyBP-C must lie with one or both of the minimally essential crossbridge
proteins - actin and myosin. There are two main theories of where this regulatory
interaction occurs. One theory suggests that N-terminal cMyBP-C reduces actin filament
sliding by imposing a direct drag on the actin filament. The second suggests that N-terminal
cMyBP-C alters the kinetic rates or range of motion of the myosin head. Whatever its
binding partner may be, and whatever its mechanism of action may be, phosphorylation

reverses the functional effects of cMyBP-C. Therefore, a difference in the interaction
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between phosphorylated or unphosphorylated N-terminal cMyBP-C with actin or myosin
should point to the physiological crossbridge binding partner of cMyBP-C. Surprisingly we

saw no such difference with either actin or myosin as the binding partner.

Our data do not support the notion that cMyBP-C acts as a phosphorylation-dependent
drag on the actin filament. Neither the rate of actin binding with COC3 nor the rate of
unbinding is affected by aspartic acid replacement of the four phosphorylatable M-motif
serines. If cMyBP-C did exert a phosphorylation-dependent drag, then we would have
expected to see significantly longer bond lifetimes for the COC3 fragment than COC3-4D. We
are confident that the lack of observed difference in the COC3 and COC3-4D fragments does
not stem from the use of phosphomimetic fragments instead of PKA-phosphorylated COC3.
The quadruple-site phosphomimetic has been shown to impart a similar effect on
actomyosin function as PKA-treated COC3 (Weith et al., 2012b), which also agrees with the
effect of phosphomimetic cMyBP-C in fiber studies (Sadayappan et al.,, 2009). It is therefore
unlikely that the actin binding and unbinding rates with the use of C0C3-4D would differ
from those of PKA-treated COC3.

The only measurements showing that phosphoregulation of N-terminal cMyBP-C directly
influences its binding with actin are performed in truly unloaded conditions (Shaffer et al.,
2009; Weith et al., 2012a). However, there is contradictory evidence that cMyBP-C-actin
binding is independent of the cMyBP-C phosphorylation state (Rybakova et al., 2011).
Moreover, protein interactions often behave differently in the absence of an externally
applied load. In the absence of load, thermal energy experienced by the molecules in

solution determines the rate of bond formation and rupture.

This is one of the first direct measurements of these kinetic rates under loaded conditions
between actin and N-terminal cMyBP-C. Weith et al. measured single-molecule bond
lifetimes between actin and cMyBP-C fragments but did not measure them as a function of
applied load (Weith et al,, 2012a). Our data suggest that small changes in applied load have
a marked effect on the actin-COC3 bond lifetime, particularly as applied loads approach

zero load. Therefore, it is difficult to directly compare the bond lifetimes measured in the
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current study to those observed by Weith et al. However, both studies agree that COC3
phosphorylation or phosphomimetic replacement do not alter the actin-COC3 bond lifetime

compared to unphosphorylated COC3.

This begs the question, if phosphorylation-mediated drag on the actin filament is not

causing the functional regulation of crossbridge kinetics, what is?

We repeated our single molecule force spectroscopy measurements to determine if this
interaction with myosin recommends it as the phosphorylation-dependent crossbridge
binding partner of cMyBP-C. This is the first direct, load dependent measurement of the
bond between N-terminal cMyBP-C and HMM (which contains S2 as well as the actin-
binding S1 domains of myosin). Our results at near zero load and over a range of applied
tensile loads suggest that the N-terminus of cMyBP-C can bind to HMM and that it does so
in a load-dependent manner, but like its bond with actin the COC3-HMM bond is

unresponsive to phosphomimetic replacement in the M-motif.

N-terminal cMyBP-C has been shown to bind myosin S2 through its M-motif (Gruen and
Gautel, 1999) and C1 domain (Ababou et al,, 2008), and lower affinity binding has been
observed in the C2 domain as well (Ababou et al., 2007). There is evidence that cMyBP-C M-
motif phosphorylation modulates this binding by altering the charge or shape of the
disordered region, resulting in a decreased affinity for S2 (Gruen et al., 1999). Like the
binding assays described for actin, these measurements showing phosphorylation-
dependent binding between N-terminal cMyBP-C and S2 were in an unloaded environment.
This is not representative of the mechanical implications of cMyBP-C acting as a viscous
load on the actomyosin crossbridge, or of the forces experienced by myosin bound to actin
in the crossbridge as a result of the action of parallel crossbridges. Our load-dependent
measurements of bond lifetime suggest that the COC3 region of cMyBP-C contains a region
that binds to HMM and that this bond is unchanged by phosphorylation. Given the
physiological loads experienced by the proteins, we think this is a more likely

representation of their true response (or lack thereof) to phosphorylation.
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The surface on which the COC3 and C0C3-4D fragments were present was reversed
between the actin and HMM laser trap assays. HMM was adsorbed to the nitrocellulose-
coated target surface because HMM function is disrupted when it is coupled to
streptavidin-coated microspheres; though evidence of this is anecdotal, it comes from
several major labs. cMyBP-C fragments were therefore biotinylated and coupled to
streptavidin-coated microspheres. In contrast, actin was biotinylated and coupled to
streptavidin-coated microspheres instead of being adsorbed to the nitrocellulose-coated
target, and in this instance COC3 or COC3-4D was adsorbed to the nitrocellulose-coated
target. There were several reasons for this reversal of surfaces. The site of biotinylation lies
at the N-terminal end of the CO domain and when coupled to a streptavidin-coated
microsphere would orient the fragment so that the CO domain is closest to the bead surface
with the remaining domains extending radially from the microsphere. It is questionable
whether this biotinylated fragment could even be used for actin binding experiments since
cMyBP-C-actin binding has been observed in domains CO through C2 (Kulikovskaya et al.,
2003; Lu etal,, 2011; Razumova et al,, 2006; Shaffer et al., 2009; Squire et al.,, 2003; Whitten
et al., 2008), and biotinylation at the CO0 domain would orient the actin-binding portion of
the protein away from the actin filament. Furthermore, the presence of biotin on the C0
domain may interfere with actin binding at this domain. Reversing the protein-coated
surfaces relative to one another for actin compared to HMM binding assays partially
alleviates these concerns. However, the concern that a difference in accessibility and

behavior between adsorbed and biotin-coupled fragments remains.

Our bond lifetime data suggest that phosphorylation does not alter the actin-C0OC3 off-rate,
but this experiment is only able to make observations about bonds that have already
formed. One might posit that the N-terminus of cMyBP-C fluctuates between two states - a
binding (open conformation) and a non-binding (closed conformation) state - and that
phosphorylation biases the molecule toward the closed conformation. Indeed, the
mechanical stability of cMyBP-C is altered by phosphorylation in a way that suggests the
natively freely extensible M-motif (Karsai et al.,, 2011, 2013) takes on a more stable
conformation (Michalek et al., 2013). Force-extension relationships measured using atomic

force spectroscopy show that phosphorylation reduces the mean contour length of the
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protein by 24 nm (Michalek et al., 2013). This shortening suggests that either the negative
charge introduced by phosphorylation establishes an electrostatic interaction within the

motif, and/or that the motif adopts new secondary structural elements.

Nevertheless, our relative rate of bond formation measurements for actin with COC3 and
C0C3-4D were indistinguishable, suggesting that the dynamic conformational changes that
are stabilized by M-motif phosphorylation do not affect the availability of the actin binding
site and therefore the actin-cMyBP-C rate of bond formation. Microscopic reversibility
suggests that molecules with similar rates of bond rupture also exhibit similar rates of
bond formation. It is therefore unsurprising that the relative bond formation rates of actin
binding with COC3 and with COC3-4D are indistinguishable since the rates of bond rupture
were also indistinguishable. While there is growing evidence of direct interaction between
N-terminal cMyBP-C and the thin filament (Mun et al., 2014), we have no reason to suspect
the myosin head alone as the direct binding partner for cMyBP-C-crossbridge regulation.
Therefore, we did not measure the rate of bond formation between HMM and N-terminal

cMyBP.

When compared to control data, the observed load-dependence of bond lifetimes and
increased frequency of bond formation suggest that the bonds we measured are in fact
between actin or HMM and COC3 or COC3-4D, and not the result of non-specific interactions
between a protein and the blocking agent or the opposing surface. Our data therefore are

measuring specific protein-protein interactions.

Although our data seem to refute the two prominent hypotheses of cMyBP-C crossbridge
regulation, we feel our data do not disagree with existing evidence given that our data were

collected at finite loads, not zero load conditions.

The literatures present a body of confusing and seemingly conflicting pieces of evidence
could be explained by an obvious crossbridge binding partner that has not yet been directly
examined - the actomyosin complex. Crossbridge function may not be regulated by cMyBP-

C binding to actin or to myosin alone, but would require the actomyosin complex for
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specific binding and regulation of the crossbridge. If that were the case, it could explain
why actin and myosin bind with varying affinities to the same regions of cMyBP-C and why
phosphorylation-dependent changes in the bond are not observed with actin or myosin

alone.

Mutations in many sarcomeric proteins lead to familial hypertrophic cardiomyopathy
(FHC), including myosin, troponin, and cMyBP-C (Bonne et al., 1998). Mutations in the
cMyBP-C gene MYBP(C3 are the most common cause of FHC, accounting for approximately
200 mutations all linked to the MYBPC3 gene (Harris et al., 2011). A mutation at the actin-
myosin binding interface, though not in loop 2, causes the most rapidly fatal form of FHC.
Individuals with FHC exhibit myocyte enlargement, cellular disorganization, fibrosis, and
reduced cardiac contraction and relaxation, though the mechanism of disease related to

many of these mutations is unknown.

FHC mutations manifest in varied phosphorylation states of crossbridge-associated
proteins, including cMyBP-C, suggesting that more than the protein itself, but also its prost-
translational modifications are critical to maintaining cardiac function (Barefield and
Sadayappan, 2010). Interestingly, when constitutively phosphorylated full-length cMyBP-C
is able to restore normal cardiac function in a cMyBP-C-null background, and its presence
can even protect tissue from ischemia-reperfusion injury (Sadayappan et al., 2006). This

data suggest that cMyBP-C phosphorylation may even be cardioprotective.

3.5 Conclusion

In Aim 2A, we hypothesized that cMyBP-C acts as a phosphorylation-reversible viscoelastic
drag on the actin filament in vitro. Our direct measurement of indistinguishable bond
lifetimes between unphosphorylated or phosphomimetic N-terminal cMyBP-C and actin
refutes this hypothesis. Similar bond lifetime measurements between HMM and
unphosphorylated or phosphomimetic N-terminal cMyBP-C were also indistinguishable,
refuting our proposal that cMyBP-C imposes a phosphorylation-dependent regulation of

myosin crossbridge activity. This suggests that cMyBP-C crossbridge regulation may
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require the actomyosin complex as a binding partner in order to mechanically or kinetically

alter crossbridge cycling.
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Chapter 4: Exploring the functional
effect cMyBP-C nitrosylation
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4.1 Introduction

Regulatory proteins are themselves invariably regulated. In the myofibrillar apparatus,
many proteins rely on regulation by phosphorylation to tune functional interactions with
other myofibrillar proteins in order to regulate muscle contraction, as described for
cMyBP-C in the previous chapter. Nitrosylation, like phosphorylation, has been shown to
regulate cardiac contractility. However, as discussed in Chapter 1, the individual protein

targets of nitrosylation and their functional consequences are largely unknown.

cMyBP-C nitrosylation is thought to occur exclusively in the C-terminal domain of the
protein (Figueiredo-Freitas et al., 2013) but its functional effect, if any, has not been tested.
The C-terminal domain of cMyBP-C is the light meromyosin (LMM)-binding domain.
cMyBP-C C-terminal interactions with the thick filament are necessary for normal myocyte
structure and organization, though it is not required for cardiac development or sarcomere
assembly (Harris et al., 2002; McConnell et al.,, 1999; Yang et al.,, 1998). Different variants of
hetero- and homozygous mutations and deletions of cMyBP-C directed at the C-terminal
domains show that loss of thick-filament binding capability results in disorganized
sarcomeres and severely reduced cardiac function. These mutations are analogous to
defects in humans that cause hypertrophic cardiomyopathy and result in similar structural

and functional consequences.

cMyBP-C is thought to have two primary points of interaction in the cardiac sarcomere - its
C-terminus anchors it to the thick filament and its N-terminus regulates the actomyosin
crossbridge. We sought to isolate the effects of cMyBP-C nitrosylation on each of these
functional interactions to understand the role of NO in regulating cMyBP-C and the

contractile apparatus.
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4.2 Methods

Proteins

HMM, LM}, and actin were prepared as described in Appendix 1, Section A1.1. Actin
filaments were stabilized with TRITC-labeled phalloidin. Bacterially expressed cMyBP-C
and the COC3 fragment were obtained from the Warshaw Lab (University of Vermont) and

were prepared as described in Appendix 1, Section A1.1.

Coumarin switch

A coumarin switch procedure for in-gel visualization of nitrosylated proteins was
performed to quantify the number of cysteines in cMyBP-C and COC3 able to be
nitrosylated in vitro as described in Appendix 1, Section A1.4. NO donors S-nitroso-L-
cysteine (SNO-L-cys), L-nitrosoglutathione (GSNO), and diethylamine-NONOate (DEA-
NONOate) were tested. SNO-L-cys and GSNO are endogenous donors of NO, while DEA-

NONOate is a synthetic donor of free nitrosonium ion.

In vitro motility assay

cMyBP-C nitrosylation was performed using the donor SNO-L-cys at a final concentration of
400 uM and allowed to react for 5 minutes in the dark. Treated and untreated cMyBP-C
were diluted in motility buffer and placed on ice under vacuum for 20 minutes to remove
nitric oxide. A cMyBP-C-free control sample was prepared in which a volume of donor
equal to that used to treat cMyBP-C samples was added directly to a volume of motility

buffer prior to degassing.

DTT-free actomyosin motility was measured as described by others (Snook et al., 2008)
with modifications to include cMyBP-C (Saber et al., 2008). Briefly, rat skeletal HMM in 10
mM DTT was applied to a flow cell. After a 1 minute incubation the flow cell was blocked
with 1 mg/ml BSA in actin buffer with 10 mM DTT for 1 minute, followed by the addition of
TRITC-phalloidin labeled rat skeletal actin filaments. After a 1 minute incubation, the flow
cell was washed with DTT-free vacuum degassed actin buffer. One volume of DTT-free

degassed motility buffer containing treated or control cMyBP-C was added. Actin filament
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movement was imaged at 30°C and mean velocities of filaments and the fraction of
filaments that move were determined using the tracking algorithm described in Snook et al.

(2008).

Motility was measured using control and donor-treated cMyBP-C. All reducing-agent-free
buffers were degassed under vacuum for 20 minutes in small aliquots to remove oxygen.

Solutions were re-degassed after 4 flow cells or 20 minutes, whichever came first.

LMM filament assembly and cMyBP-C binding

cMyBP-C nitrosylation was performed as above. Two control samples of filamentous LMM
were also prepared in the absence of cMyBP-C - one in which LMM was allowed to react
with donor and one in which decomposed donor was added. Nitrosylation was performed

before cMyBP-C was combined with LMM filaments.

cMyBP-C binding to LMM was measured using an LMM centrifugation assay (Okagaki et al.,
2007). Briefly, rat skeletal LMM was dialyzed against a low-salt buffer to allow filament
formation. Upon removal from dialysis, LMM was combined with a sub-saturating amount
of cMyBP-C or nitrosylated cMyBP-C and incubated on ice for 30 minutes to allow binding.
This concentration of cMyBP-C was chosen based upon a saturable MyBP-C binding curve
(Moos et al., 1975; Okagaki et al., 2007) so as not to introduce saturation artifacts. Samples
were centrifuged at 100,000g for 40 minutes at 4°C, at which speed filamentous LMM and
bound cMyBP-C pellet while unbound cMyBP-C and monomeric LMM remain in the
supernatant. Pellet and supernatant were collected and resuspended in sample buffer.
Prior to addition of sample buffer, pellets were resuspended in a volume of low-salt buffer
equal to the sample volume prior to centrifugation to allow for quantitative comparison.

Gel electrophoresis was performed on the pellet and supernatant from all samples.

Gels were stained with colloidal coomassie and the volume of each LMM and cMyBP-C band

was measured for each sample condition.
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4.3 Results

Quantification of cMyBP-C nitrosylation
cMyBP-C is able to be nitrosylated in vitro. SNO-L-cys and GSNO nitrosylated cMyBP-C
similarly at 4 of the 22 cys residues present in the cMyBP-C sequence (UniProt accession

No. 070468; Table 1).

The N-terminal COC3 fragment was unable to be nitrosylated by any of the three donors
tested, though there are 7 cys residues present in this shortened sequence. These data
suggest cMyBP-C nitrosylation in full-length cMyBP-C occurs exclusively in the C-terminal
region of the protein. Our data are consistent with mass spectroscopy of nitrosylated
cardiac myofibril proteins that has identified four nitrosylatable cysteine residues in the

C10 domain of cMyBP-C (Figueiredo-Freitas et al., 2013).
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Table 1: Number of cysteine residues able to be nitrosylated in cMyBP-C and COC3 in vitro by

endogenous NO donors

Number of cys Nitrosylated

cMyBP-C (22)  COC3 (7)

SNO-L-cys 3.6 0.4
GSNO 4.2 0.2
DEA-NONOQate - 0

(n) is the total number of cys residues present in the protein or fragment sequence acquired from
UniProt, accession No. 070468. Number of cysteine residues nitrosylated is averaged from two gel-
loading volumes for one coumarin switch for cMyBP-C and two coumarin switches for COC3. DEA-

NONOate was not tested as an NO donor for cMyBP-C. Values are calculated using Equation 19.

Nitrosylation does not affect the ability of cMyBP-C to regulate actomyosin motility

In the in vitro motility assay, cMyBP-C slows the velocity of HMM-driven actin filament

sliding in a concentration-dependent manner (Saber et al., 2008). We investigated whether

nitrosylation of cMyBP-C alters its regulation of actomyosin motility. No difference in actin

motility was observed between untreated and nitrosylated cMyBP-C over range of surface

densities (Figure 25). The mean velocity of treated and untreated cMyBP-C samples both

displayed a concentration-dependent inhibitory trend similar to that reported in Saber et al.

(2008). These data suggest that cMyBP-C nitrosylation has no functional effect on the

interaction of cMyBP-C with the actomyosin crossbridge. This is unsurprising given our

evidence that cMyBP-C nitrosylation is localized to the C-terminus, which interacts with the

myosin tail (which was absent in these experiments) rather than the crossbridge.
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Figure 25: Changes in HMM-driven actin filament velocity as a function of cMyBP-C (solid triangles) or
cMyBP-C treated with 400 uM SNO-L-cys (open triangles). Actin-HMM motility in the absence of
cMyBP-C (solid circles) was measured with additions of actin buffer to match the added sample
volumes for each concentration. Actin-HMM motility with volume-matched decomposed donor (open
diamonds) was measured as a control. These data demonstrate that cMyBP-C functional regulation of
the actomyosin crossbridge is unaffected by cMyBP-C nitrosylation. Data in the presence of cMyBP-C
were fit using Equation 9 with vu. = 1 for the normalized value. The fitted values for k; for cMyBP-C
and nitrosylated cMyBP-C were 0.5 * 0.1 and 0.5 * 0.2 pM, respectively. The fitted values for n were
0.4 £ 0.1 and 0.6 * 0.3, respectively.

As expected, actomyosin motility was uninhibited in the absence of cMyBP-C. Control
experiments in which decomposed donor was present in the motility buffer exhibited
motility similar to that of actomyosin alone, suggesting that actomyosin motility is

unaffected by decomposed donor remaining in the solution after treatment.

LMM filament assembly and cMyBP-C binding are unaffected by nitrosylation
cMyBP-C binding with LMM filaments was investigated by measuring the fraction of
untreated and nitrosylated cMyBP-C that were bound to LMM using coprecipitation and

centrifugation. After binding and centrifugation, sample supernatant and pellet band
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volumes were measured from brightfield gel images and used to calculate the pelleted
fraction of protein for LMM and cMyBP-C in each sample using Equation 20 (Table 2). SNO-
L-cys treated and untreated cMyBP-C binding resulted in a similar pelleted fraction of
cMyBP-C - 0.19 and 0.15, respectively - suggesting that nitrosylation does not affect the
binding of cMyBP-C to the myosin tail.

Table 2: Pelleted fraction of assembled LMM filaments and bound cMyBP-C

LMM Pelleted Fraction cMyBP-C Pelleted Fraction

LMM & cMyBP-C 0.64 0.19
LMM & cMyBP-C.N 0.42 0.15
cMyBP-C - 0.04
LMM 0.89 -
LMM.N 0.92 -
LMM & Decomposed Donor 0.98 -

Pelleted fraction P =V /(V WtV ) P is the mean of two independently prepared
pel et supcrnalam

pellet
centrifugation assays except for LMM & Decomposed Donor and LMM.N samples, which are the value

obtained in one centrifugation assay.

In samples containing both LMM and cMyBP-C, LMM pelleted fraction is reduced from 0.89
to 0.64 and 0.42 for untreated and treated cMyBP-C, respectively. An obvious
interpretation is that the LMM filaments partially disassemble in the presence of cMyBP-C.
A similar binding assay between LMM and the skeletal MyBP-C C10 domain suggests that
the LMM polymerization equilibrium is sensitive to the ionic strength and ratio of LMM to
cMyBP-C (Miyamoto et al., 1999). This could explain the decrease in assembled LMM

filaments and therefore the reduced pellet fraction observed in the presence of cMyBP-C.
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As a control, the same measurement was performed for donor-treated LMM as well as LMM
mixed with decomposed donor, both in the absence of cMyBP-C. As expected, both control
conditions resulted in a pelleted fraction similar to that of LMM alone, where LMM was
found primarily in the pellet. It is therefore unsurprising that direct SNO-L-cys treatment of

LMM did not alter LMM filament assembly.

4.4 Discussion

Full length cMyBP-C was able to be directly nitrosylated in vitro at 4 of the 22 total cys
residues by two small, naturally occurring nitrosothiols. In contrast, treatment of COC3, the
N-terminal and purported crossbridge-binding fragment of cMyBP-C, using the same
donors and free nitric oxide resulted in no significant S-nitrosylation of the 7 cys residues
present. These data suggest that the 4 nitrosylatable residues reside in the C-terminus of
the protein. It was therefore unsurprising that the established inhibition of actomyosin

motility observed in the presence of cMyBP-C was unaffected by cMyBP-C nitrosylation.

Mass spectroscopy of nitrosylated cardiac myofibril proteins localized 4 nitrosylatable cys
residues to the C10 domain of cMyBP-C (Figueiredo - Freitas et al., 2013). A second study of
nitrosylation in mouse heart homogenate reports additional cMyBP-C nitrosylation of the
N-terminal region at 2 cysteines within the residues that would be encompassed by our
COC3 fragment (Kohr et al,, 2011). We suspect the discrepancy between their and our
findings in N-terminal nitrosylation results from the sensitivity of mass spectrometry used
in their study; its ability to detect nitrosylation in a small fraction of molecules does not

evidence a significant level of nitrosylation.

Nitrosylation of cMyBP-C also had no functional effect on its ability to bind to LMM in vitro.
Domain C10 binds directly with the LMM portion of the myosin rod through charged ionic
interactions at isoform-specific stoichiometries (Alyonycheva et al., 1997; Okagaki et al.,
2007). It is essential for myosin rod binding, though it is not sufficient for correct
sarcomeric incorporation (Gilbert et al., 1996). cMyBP-C domains C7-C9 are required for
localization of cMyBP-C to the C-zone of the A-band. These domains interact with titin and

other thick filament associated proteins, and it is these associations that are thought to
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determine its specific localization. Interestingly, myosin binding protein-H (MyBP-H) has a
C-terminal domain homologous to cMyBP-C C10 and is shown to competitively bind to
LMM (Alyonycheva et al., 1997); however, MyBP-H appears to lack the same titin-binding
ability (Soteriou et al., 1993) and exhibits a different sarcomeric incorporation pattern than

cMyBP-C (Alyonycheva et al.,, 1997).

The ability to nitrosylate a protein in vitro does not evidence its endogenous nitrosylation
nor does protein nitrosylation invariably affect protein function. Unpublished data from
our lab suggest that nitrosylation of sarcomeric proteins actin and a-actinin does not have
large effects on protein function. cMyBP-C nitrosylation also does not appear to play a

functional role in crossbridge regulation.

4.5 Conclusion

This inaugural investigation of the functional effect of cMyBP-C nitrosylation refutes the
hypothesis proposed in Aim 2B, suggesting that nitrosylation does not play a role in
modulating the ability of cMyBP-C to regulate crossbridge function nor does it affect
cMyBP-C binding to the myosin thick filament backbone. These data suggest that
responsibility for the depressed cardiac contractility associated with myofibrillar

nitrosylation lies in another of the nitrosylatable sarcomeric proteins.
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Chapter 5: Conclusions and

Future Directions
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5.1 Implications for muscle contraction

The work presented here integrates our understanding of the striated muscle sarcomere
with a more detailed knowledge of the bond interfaces, binding partners, functions, and
regulation of key crossbridge proteins. In Chapter 2 we showed that loop 2 of myosin is a
force-dependent inhibitor of the rigor bond. Based on our measured biomechanical
detachment rate of the rigor actomyosin crossbridge, we were able to predict the effect
that this force-dependent dissociation pathway might have on the unloaded shortening

velocity and the duty ratio in muscle fibers.

Actomyosin crossbridge detachment occurs through ATP binding to the myosin head and
causes a conformational change that releases the bound actin filament. The rapid
detachment rate in an ATP-rich environment generally precludes myosin detachment in
other nucleotide states. However, the load-dependent behavior of the actomyosin bond
(Guo and Guilford, 2006; Rao et al., 2009) suggests that biochemical detachment upon ATP
binding may not be the only mechanism at play. In our models of smooth and skeletal
muscle time to detachment we found that mechanical actin filament detachment from
nucleotide-free or ADP-bound myosin might be a competing mechanism that augments
crossbridge turnover over a select range of forces. Indeed, we saw that the skeletal
crossbridge detachment rate was greater than that of biochemical ATP-dependent
dissociation with applied forces up to 2 pN at a physiologic ATP concentration. Presumably
the smooth muscle actomyosin bond lifetime would respond similarly to force and exhibit
catch bond behavior. If we apply this assumption to our model along with experimentally-
determined smooth muscle biochemical detachment rates for the remaining steps, the
predicted effect is that mechanical unbinding plays an even greater role in accelerating

smooth muscle detachment over a broader range of forces.

The role of cMyBP-C in crossbridge regulation remains an important area of inquiry. In
vitro cMyBP-C inhibits actomyosin motility (Razumova et al., 2006; Saber et al., 2008).
cMyBP-C phosphorylation relieves this inhibition (Weith et al., 2012a). We provide

evidence that refutes the prominent hypothesis by which cMyBP-C is thought to regulate
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the actomyosin crossbridge - that cMyBP-C N-terminal binding to either actin or to myosin
imposes a physical drag on the protein and is directly responsible for inhibiting its motion,
and that phosphorylation alleviates this drag by reducing cMyBP-C binding. In Chapter 3
we directly measured the bond between actin and N-terminal cMyBP-C and found it was
unresponsive to cMyBP-C phosphorylation. The same was true for the bond between
cMyBP-C and the myosin head. Because neither bond was responsive to cMyBP-C
phosphorylation, we conclude that neither a bond with actin nor with myosin could
possibly explain a phosphorylation-dependent drag imposed by cMyBP-C on one of these
proteins. This significantly narrows the possibilities by which the system may be regulated.
Clearly the means by which cMyBP-C modulates actomyosin kinetics needs to be

reexamined with a new mechanism of interaction with the crossbridge in mind.

Nitrosylation proved not to be a novel modulator of cMyBP-C function in our hands.
Despite cMyBP-C’s ability to be nitrosylated, neither LMM binding nor regulation of
crossbridge cycling were functionally affected. Presumably cMyBP-C nitrosylation would
have similar inactivity in vivo, however it is possible that its effects are sensitive to the

physiological environment and the ensemble of proteins present in the sarcomere.

5.2 Future directions

Loop 2 load-dependent regulation of the actomyosin crossbridge

Our loop 2 experiments were conducted with a mixed-isoform population of rat skeletal
HMM. However, there is substantial evidence that the myosin family- and isoform-specific
identity of loop 2 directly tunes its kinetic activity. The loop 2 amino acid sequence is
poorly conserved between different myosin families, yet when compared between myosins
that are kinetically similar the sequence is actually more constrained than that of the rest of
the myosin molecule (Goodson et al.,, 1999). The characteristics of myosin heads with loop
2 chimeric substitutions reflected the activity of the donor myosins when actin-activated
ATPase was measured (Uyeda et al., 1994). These data suggest that the large variations in

length and sequence of loop 2 may fine-tune the activity of each myosin isoform.
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To get a more complete measure of the role that myosin loop 2 plays as a load-dependent
regulator of the actomyosin crossbridge, we need to perform our bond mechanics
experiments using other myosin isoforms. The load-dependent behavior observed by our
group with skeletal muscle myosin has not been tested in cardiac or smooth muscle. Loop 2
is essential for load-dependence in skeletal myosin, but the structural and biochemical

differences may not make this a uniform feature in other isoforms.

cMyBP-C-crossbridge interactions and regulation

As stated in Chapter 3, the physiological crossbridge binding partner and mechanism of
regulation of cMyBP-C are unknown, yet a minimal in vitro motility assay containing only
actin and myosin shows it to be inhibitory to actomyosin function. We have directly probed
the interaction of N-terminal cMyBP-C with actin and with myosin heads separately and
our results cannot explain the inhibitory behavior of cMyBP-C or its relief by

phosphorylation.

A laser trap experiment that reflects the flow-cell set up of the in vitro motility assay would
allow the load-dependent bond mechanics of inhibition to be reexamined. Myosin would be
adsorbed to the nitrocellulose surface, biotinylated actin would be coupled to the laser-
trapped microsphere, and cMyBP-C N-terminal fragments would be added in solution and
allowed to interact freely as they do in the motility set up. The bond lifetimes measured
between the actin- and myosin-coated surfaces would be indicative of any role N-terminal
cMyBP-C plays in regulating actomyosin interactions. Further experiments would likely be
necessary to clarify its mechanism of inhibition as well as the role of cMyBP-C

phosphorylation in modulating this mechanism.

5.3 Implications for health and disease

While the power stroke of myosin and nucleotide binding and hydrolysis are reasonably

well understood, the molecular-level details of the actin-myosin interactions themselves

have not been fully elucidated. Interestingly, the interaction between actin and myosin in
the crossbridge is dependent upon the load applied to the bond between them (Guo and

Guilford, 2006; Rao et al.,, 2009). The present work discovered that loop 2 is responsible for
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the load-dependent behavior of the crossbridge and shows how that might be important to
a muscle’s unloaded shortening velocity. Disruption of this force-dependent behavior
makes myosin unable to bind to actin in a long-lived state; counterintuitively, the
shortening velocity would decrease and a muscle would become dependent solely upon

ATP binding to dissociate the actomyosin crossbridge.

Ultimately, the goal of this study is to aid in understanding the basic mechanisms involved
in muscle contraction at the crossbridge-level and to address clinically relevant questions
that may be explored in parallel. cMyBP-C mutations are a leading cause of hypertrophic
cardiomyopathy and emphasize the importance of cMyBP-C to normal cardiac function,
though little is known about the mechanism by which its mutations result in disease.
cMyBP-C mutations often manifest in truncated fragments of cMyBP-C, leading to
transcripts lacking N-terminal crossbridge binding domains or more commonly lacking the
C-terminal domains responsible for thick-filament binding (Carrier et al.,, 1997). Studies of
human patient biopsies and in mouse models have shown that fragments of cMyBP-C may
contribute to hypertrophic cardiomyopathy through reduced expression in
haploinsufficiency (Dijk et al., 2009; Rottbauer et al., 1997) or they act as dominant-
negative alleles where truncated proteins are expressed and incorporated into the
sarcomere but disrupt normal function (Flavigny et al., 1999; Harris et al., 2002; Yang et al,,
1998). There is also evidence that mutations manifest in varied phosphorylation states of
cMyBP-C, suggesting that more than the protein itself, but also its post-translational
modifications are critical to maintaining cardiac function (Barefield and Sadayappan, 2010).
If we can determine the mechanism of regulation between cMyBP-C and the crossbridge,
the mechanism of disease may also become clear. Furthermore, protein engineering could
be used to introduce a series of point-mutations to determine the key regulatory
mechanism of crossbridge binding and kinetics. This may suggest a therapeutic strategy to

improve contractility in disease states such as hypertrophic cardiomyopathy.
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Appendix 1: Extended Methods
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A1.1Proteins

HMM purification

HMM was purified from rat skeletal muscle as described in Guo and Guilford (Guo and
Guilford, 2004) with minor modifications. Briefly, 400 mg muscle tissue was homogenized
on ice in 2 ml myosin extraction buffer (0.3 M KCI, 0.01 M HEPES, 0.01 M Na4P207 ¢ 10 H:0,
1 mM MgClz, 0.01 M DTT, 1 mM ATP, pH 6.8) with protease inhibitor (SIGMAFAST™, Sigma-
Aldrich, St. Louis, MO). The homogenate was stirred for 30 minutes on ice, then clarified at
140,000g for 1 hour. Supernatant was diluted with 3 volumes of 1 mM DTT and left
undisturbed on ice for 1 hour. Myosin was collected by centrifugation at 15,000g for 20
minutes. Precipitated myosin was dissolved in 200 ul storage solution (0.5 M KCl, 0.05 M
KH2PO4, 2 mM MgClz, 0.01 M DTT, pH 6.8). HMM was prepared from fresh myosin by
adding a-chymotrypsin (59.3 units/mg protein, Sigma C4129) in 0.001 N HCI to a final
concentration of 0.04 mg/ml and incubated at room temperature for 7 minutes. The
reaction was quenched by adding PMSF (Sigma-Aldrich) in ethanol to a final concentration
of 0.5 mM and dialyzed overnight against 1 L actin buffer (0.25 M KCl, 0.25 M Imidazole, 1
mM EGTA, 4 mM MgCl,, pH 7.4) with 2 mM DTT at 4 °C with one buffer change. The dialysis
product was clarified at 200,000g for 30 minutes and the HMM supernatant was stored in

liquid nitrogen in aliquots containing 50% glycerol.

Tryptic proteolysis of HMM loop 2

HMM was selectively digested at the actin-binding loop 2 (cleaved HMM) as described in
Bobkov et al. (1996) with minor modifications. Briefly, HMM was dialyzed against 0.02 M
KCl, 0.02 M Tris-HCl and 1 mM DTT at pH 7.4 to remove glycerol. HMM was reconcentrated
to 0.65-1.1 mg/ml using centrifugal filtration units (Millipore Corp., Bedford, MA) at
10,000g. To protect loop 1 from digestion, the ionic strength was increased to 0.5 M KCl
and ATP was added to 6 mM (Mocz et al,, 1984). Trypsin (proteolytic activity 0.08 BTEE
units/mg; Sigma-Aldrich) was added to HMM to a final concentration of 0.05 mg/ml and

incubated on ice for 6 minutes. Digestion was stopped using soybean trypsin inhibitor
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(Sigma-Aldrich) at a molar ratio of 3:1 to trypsin. Cleaved HMM was stored on ice in a 4°C

refrigerator.

Digestion was assessed by electrophoresis on NuPAGE 12% Bis-Tris Gel in MOPS running
buffer and gels were stained using SimplyBlue™ Safe Stain (Invitrogen, Carlsbad, CA). The
molecular weight of fragments was determined by comparison to SeeBlue® Plus2 Protein
Standard (Invitrogen) using the AlphaEaseFC (Alpha Innotech Corp., San Leandro, CA)
molecular weight tool. As in previous experiments digestion of HMM mainly resulted in two
fragments, the N-terminal fragment of S1 and the combined C-terminal region of S1
fragment and S2 (Balint et al,, 1975; Bobkov et al., 1996). Other contaminating fragments

were present in low amounts.

LMM purification

LMM was purified from rat skeletal hind leg muscle as in (Margossian and Lowey, 1982).
LMM purification follows same procedure as HMM purification through post-chymotryptic
digestion of myosin dialysis. The dialysis precipitate product was clarified at 200,000g for
30 minutes and precipitate was resuspended in 200 ul high salt buffer (0.6 M KCI, 50 mM
K2HPOg4, pH 7.0). Pellet was extracted with addition of 600 ul ice cold 95% ethanol by
stirring on ice for 2 hours. Collect precipitate by centrifugation at 20,000g for 30 minutes at
4°C. Resuspend precipitate in 500 ul high salt buffer and dialyze against 500 ul high salt
buffer over night at 4°C with one buffer change. Centrifuge at 200,000g for 30 minutes at
4°C. Dialyze supernatant against 500 ml actin buffer with 1 mM DTT over night at 4°C with
one buffer change. Collect precipitated LMM by centrifugation at 20,000g for 30 minutes at
4°C. Resuspend pellet in small volume (30 ul) myosin buffer (300 mM KCl, 25 mM
Imidazole, 1 mM EGTA, 4 mM MgClz, 1 mM DTT, pH 7.4). Store in 50% glycerol at -20°C.

Actin purification and polymerization

F-actin was prepared from rat skeletal muscle as described in Pardee and Spudich (1982).
First, acetone powder was purified from fresh rat hind leg skeletal muscle. Fresh tissue was
homogenized in a food processor in KPi/KCl solution (0.15 M KH2P04, 0.10 M KCIl, 1 mM

NaN3, pH 6.5). The homogenate was stirred for 10 minutes on ice, then clarified at 1700g
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for 15 minutes. Pellet was extracted in 0.05 M NaHCO3 on ice for 10 minutes and clarified
as before. This clarification was repeated 2 times. Pellet was extracted in 1 mM EDTA, pH
7.0 for 5 minutes on ice and clarified as before. EDTA clarification was repeated two times.
Pellet was extracted with acetone for 10 minutes at room temperature and clarified for 5
minutes at 1700g, extraction and clarification were repeated 4 times. Pellet was extracted
with acetone for 10 minutes, then filtered by vacuum on filter paper. Acetone powder dried

over night at room temperature and was stored at -20°C.

Actin was purified from acetone powder by stirring on ice in actin extraction buffer (2 mM
Tris Base, 0.2 mM ATP, 0.2 mM CaClz, 0.005% NaN3, 1 mM DTT, pH 8.0) for 30 minutes and
actin was collected by centrifugation at 10,000g for 20 minutes. Remaining actin was
extracted from pellet by stirring in actin extraction buffer for 10 minutes on ice and
collected by centrifugation as before. Supernatant from both actin collections were
combined and polymerized over night by raising the KCl concentration to 100 mM, the
MgCl; concentration to 2 mM, and the ATP concentration to 1 mM. The next day,
tropomyosin was removed in a high salt wash by slowly increasing the KCL concentration
to 500 mM while stirring. F-actin was sedimented by centrifugation at 200,000 g for 1 hour.
Pelleted actin was depolymerized by resuspension in 1.5 ml actin extraction buffer per
gram of starting acetone powder for 1 hour, undisturbed, after which the pellets were
homogenized. Homogenate was further depolymerized by dialysis at 4°C against 1 L actin
extraction buffer for 3 days with a fresh buffer change each day using 3500-5000 MWCO
dialysis membrane. G-actin was clarified by centrifugation at 200,000g for 1 hour. DTT
concentration was raised to 10 mM in G-actin supernatant. G-actin was stored in liquid

nitrogen in aliquots containing 50% glycerol.

F-actin was polymerized from G-actin aliquots by combining G-actin with polymerization
buffer (1 M KCl, 20 mM MgClz, 10 mM ATP) at a 1:10 ratio by volume and allowed to

polymerize over night at 4°C or in 1 hour at room temperature.
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Actin biotinylation

F-actin was biotinylated as in Rao, et al. (2009) by pelleting the actin at 200,000g for 30
minutes, and the pellet resuspended in buffer containing 0.1 M HEPES, 2mM MgClz, 1 mM
ATP, 1 mM DTT, pH 8.5. NHS-Biotin was added to the resuspended filament solution to a
final concentration of 0.83 mM and allowed to incubate at room temperature for 2 hours.
The actin-biotin solution was centrifuged at 200,000g for 30 minutes. The biotinylated
actin pellet was washed in actin polymerization buffer (100 mM KCl, 25 mM Imidazole, 4
mM MgClz, 1 mM ATP, 1 mM DTT, pH 7.4) and centrifuged at 200,000g for 15 minutes. The
wash was repeated 2 more times. The actin pellet was resuspended in polymerization
buffer containing tetramethylrhodamine isothiocyanate (TRITC) phalloidin to label for 24

hours before use.

Biotinylated actin microspheres

Biotinylated F-actin was coupled to streptavidin-coated polystyrene microspheres (0.97 or
1.04 um diameter, Bangs Laboratories, Inc., Fishers, IN) by combining a suspension
containing ~4 x 108 microspheres with a 3 uM final concentration of biotinylated actin
filaments and allowed to couple with overnight mixing at 4°C. Excess biotinylated actin was
removed by pelleting the microspheres at 10,000g. Microspheres were blocked by
incubating in 1 mg/ml BSA in actin buffer for 15 minutes and washed in actin buffer three
times. Biotinylated actin-coated microspheres were stored in actin buffer with 10 mM DTT
at 4°C for up to 2 weeks. Actin-coated microspheres were diluted in actin buffer

immediately before use.

cMyBP-C full-length and N-terminal fragment preparation

Full-length and cMyBP-C N-terminal fragments were provided by the Warshaw Lab
(University of Vermont). These were bacterially expressed from mouse cardiac cDNA using
a pET expression system (Novagen, Madison, WI) (Sadayappan et al., 2005) Two different
N-terminal fragments were expressed, wild type COC3 (amino acids 1-539) and COC3 with
aspartic acids (D) to mimic phosphorylation at S273, S282, S302, and S307 (referred to as

CO0C3-4D). Fragments used in HMM bond lifetime experiments were expressed containing a
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biotin attached to the N-terminus of domain CO by a 15 amino acid peptide tag (Avidity,
LLC, Aurora, CO).

Biotinylated COC3 and COC3-4D microspheres

Biotin-tagged COC3 and COC3-4D were coupled to 1.04 uM diameter streptavidin-coated
microspheres by suspending a solution of microspheres containing ~3.2x108 microspheres
with a saturating concentration of either the COC3 or C0C3-4D fragment and allowed to mix
overnight at 4°C. Fragment-coated microspheres were blocked with 1 mg/ml BSA to reduce
non-specific interactions. COC3 microspheres and COC3-4D microspheres were stored in
actin buffer with 10 mM DTT on ice at 4°C for up to 3 days. Microspheres were diluted
immediately before use in actin buffer containing 10 mM DTT. An ultrasonic dismembrator
was pulsed in diluted microsphere solution immediately before use to break apart clumps

of microspheres.

A1.2 Actin-HMM Force Spectroscopy and In Vitro Motility

Laser trap setup and calibration

The laser trap used in these experiments was the same as described in Guilford et al. with
minor modifications (Guilford et al., 2004). The laser has been replaced by a 25 W, 1020
nm fiber laser (SPI Lasers, Santa Clara, CA), the digital signal processor card has been
replaced by a field-programmable gate array (National Instruments, Austin, TX), and a user
interface was created in LabVIEW (National Instruments). Back focal plane interferometry
was used to measure the position of a trapped microspheres relative to the trap center,
from which measurements of displacement and force were calculated. The sensitivity of the
interferometer and the trap stiffness were calibrated by the step response method (Dupuis
et al.,, 1997; Svoboda and Block, 1994) and by fits to the power spectral density (Allersma
et al., 1998).

Flow cell assembly
Flow cells used in laser trap experiments were prepared as in Guo and Guilford (2006).

Glass bead targets (3-10 um diameter) were aerosolized in reagent alcohol and applied to
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glass coverslips. Bead-coated coverslips were then coated with nitrocellulose and
assembled into flow cells using optical adhesive (Norland Products, Inc. Cranbury, NJ) to
adhere a nitrocellulose- and target-coated coverslip to a second coverslip, separated by

mylar shims. The total volume of each flow cell was approximately 30 ul.

Flow cell loading for actin-HMM force spectroscopy experiments

HMM was incubated in the flow cell for 1 minute. The flow cell was then blocked with 1
mg/ml BSA in actin buffer for 1 minute and washed with actin buffer. A suspension of actin
buffer and actin-coated microspheres was added to the flow cell. An oxygen scavenger
system (0.125 mg/ml glucose oxidase, 0.0225 mg/ml catalase, 2.87 mg/ml glucose) and
0.01 mM DTT were included in the actin buffer and the microsphere suspension. The flow

cell was placed onto a piezoelectric microscope stage (nPoint Inc., Middleton, WI).

Actin-HMM bond lifetimes

Flow cells were loaded for actomyosin bond lifetime experiments as follows. HMM was
diluted to 10 ug/ml in actin buffer was incubated in the flow cell for 1 minute. The flow cell
was then blocked with 1 mg/ml BSA in actin buffer for 1 minute and washed with actin
buffer. A suspension of actin buffer and actin-coated microsphere was added to the flow
cell. An oxygen scavenger system (0.125 mg/ml glucose oxidase, 0.0225 mg/ml catalase,
2.87 mg/ml glucose) and 0.01 mM DTT were included in the actin buffer and the
microsphere suspension. The flow cell was placed onto a piezoelectric microscope stage

(nPoint Inc., Middleton, WI).

All laser trap voltage calibration and data measurements were performed using Athyrio, a
program developed by Will Guilford. The stiffness of the laser and the sensitivity of the
quadrant photodiode detector (QD) were calibrated using the step response method as
detailed in Dupuis, et al. (1997). An actin-coated microsphere was captured in a laser trap
and the laser was stepped a distance equal to that used in bond rupture experiments (200
nm). The time for the microsphere to return to the center of the laser trap was recorded for
steps 1 second in duration in alternating directions. The measured time response was

related to the trap stiffness using the following equation:
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X, _%
ln(%)— 8 t (10)

where x is the distance the laser was stepped, x(t) is the distance of the actin-coated
microsphere from the post-step trap position at time ¢, a:qp is the stiffness of the laser trap,
and f is the Stokes’ drag coefficient of a microsphere (f=6mnr, where 1 is viscosity and r is
microsphere radius). a:rqp was calculated from the slope of the linear regression line of a
plot of the log term against time and £. The sensitivity of the QD was calibrated by
recording the voltage output of the QD in response to stepping the laser a known distance

within the linear range of the detector.

Actomyosin bond lifetime experiments were performed by trapping an actin-coated
microsphere in the laser and stepping it 200 nm toward the HMM-coated target. The actin-
coated microspheres were brought into contact for 1 second with a target coated with 10
ug/ml HMM. The laser trap was stepped 200 nm away from the target and held there for 1
second before repeating this cycle. The load applied to the actomyosin bond was calculated
from the difference in voltage from the time the laser was stepped away from the HMM-
coated target and the time the actin-coated microsphere returned to the center of the laser
trap using stiffness of the laser and the sensitivity of the detector. The initial separation
between the trapped microsphere and the target was random, resulting in random
compressive and tensile loads applied to the actomyosin bond. Over a large number of
experiments this resulted in a range of step loads being applied to actin-HMM bonds using
the laser trap. All experiments were performed in the absence of nucleotide. Bond
formation was determined by the trapped microsphere remaining in contact with the
target after the laser trap was stepped away from it. Bond rupture was determined by the
microsphere returning to its original position away from the target. Bond lifetime was
defined as the time elapsed between stepping the laser away from the HMM-coated target
and bond rupture. Bonds shorter than 4 ms and those indicative of more than one HMM

head bound were excluded from analysis.
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Actomyosin bonds were binned by load into 2 pN bins and plotted against bond lifetimes.
We fit the data with a two-pathway model of dissociation with weight t.5(f)? as described in

Pereverzev et al. (2005):

—— =k exp(ﬁ) +k! exp(%) (11)

where t.(f) is the mean bond lifetime at force f for a catch bond, k.° and ks° are the
dissociation constants for unbinding through the catch and slip pathways, respectively, xc
and x; are the characteristic bond lengths of the catch and slip pathways, respectively, and
kgT is thermal energy. x.<0 for the catch pathway to be a dissociation barrier. The bond

lifetime reaches a maximum at the critical force:

kT k’
Joi=—" hl(— x) (12)
X —X, k x,
where
k’x
——<>1 13
Kx > (13)

Actin-HMM fraction of bonds surviving

Thomas, et al. proposed the allosteric catch bond model in which a ligand-bound protein
may exist in two conformations with the transition between them being a function of force
applied to the bond (Thomas et al., 2008). One conformation possesses a greater unbinding
rate and a fast-binding state, and the second possesses a lower unbinding rate and a slow-
binding pathway. Rao, et al. suggest that actomyosin catch bond results from allostery (Rao

etal, 2011).

The fraction of bonds surviving over time was calculated using the equation:
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(14)

where B(t) is the fraction of bonds surviving at time ¢, b° is the initial number of bonds and
b(t) is the number of bonds remaining at time t. Fraction surviving was plotted against time.

The data were fit by a double exponential decay:
B(t) =B’ exp(—klt) + (1 - Bf’)exp(—)»zt) (15)

where B(t) is fraction of bonds surviving at time ¢, B;? is the initial fraction surviving in the
fast-binding pathway, and 4; is the rate of dissociation from the fast- or slow-binding state
(1 and 2, respectively). Independent variables of the regression were weighted by the value

of their dependent variable (the lifetime of the bond).

Actin-HMM specific 2D on-rate

The load-dependent 2D on-rate (the rate of bond formation) was measured over a range of
compressive forces using a method reported previously by us (Rao et al.,, 2011) and others
(Chen etal., 2008). Flow cells were loaded as described for actin-HMM bond lifetime
experiments with intact or cleaved HMM applied at a concentration of 80 ug/ml. The
surface density was increased because on-rate experiments require a surface density high
enough to overcome the limitations of diffusion in the ligand-receptor interaction, whereas
bond lifetime measurements necessitate low site densities to ensure single bond events
(Snook and Guilford, 2012). An actin-coated microsphere was brought into contact with an
HMM-coated target for 1 s, then rapidly stepped 200 nm away perpendicular to the

filament axis for 1 s. This cycle was repeated 30 times.

Bond formation was observed directly in the laser trap. We observe a change in the mean
signal magnitude and variance (due to Brownian motion) when the first bond forms
between the trapped microsphere and the target. The time to bond formation (¢p) is the
elapsed time between arrival of the microsphere at the target and the moment of bond

formation (Figure 4, position iii). 2D on-rate is inversely related to t, by Equation 3, where
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my is the site density of HMM on the nitrocellulose-coated targets (3300 heads/um?) (Guo
and Guilford, 2004), m; is the density of available myosin binding sites on actin-coated
microspheres (637 sites/um?), and A. is the effective contact area between the target and
trapped microsphere (0.14 um?) as calculated using equations 1 & 2 in Rinko et al. (2004).
Specific 2D on-rate data were fit using a “reverse Bell model” as in Snook and Guilford

(2010):
k,(f) =K. exp(f- x,/kT) (16)

where kon(f)is the load-dependent on-rate, k..’ is the unloaded on-rate, f the applied load,
Xya the characteristic bond length of association, kg the Boltzmann constant, and T the
absolute temperature. The perpendicular, compressive force (f:) between the microsphere
and the target during bond formation was calculated as the difference between the distance
the laser was stepped and the distance the microsphere actually moved after bond rupture,
multiplied by the stiffness of the laser trap. Negative f. values indicate no contact between
the microsphere and the target, resulting in a time-averaged tensile rather than

compressive load.

Digested HMM in vitro motility assay

Motility was measured as described by others (Guo and Guilford, 2004; Kron et al., 1991;
Uyeda et al,, 1991; Warshaw et al., 1990) at 30°C. Briefly, intact, cleaved, or fully digested
(no trypsin inhibitor) HMM was applied to a flow cell made of a glass slide and
nitrocellulose-coated coverslip separated by mylar shims. After a 1 minute incubation, the
flow cell was blocked with 1% BSA (Sigma) in actin buffer with 10 mM DTT for 1 minute,
followed by addition of TRITC-phalloidin labeled actin filaments. After a 1 minute
incubation, the flow cell was washed with actin buffer with 10 mM DTT and motility buffer
(25 mM KCl, 25 mM Imidazole, 1 mM EGTA, 4 mM MgClz, 10 mM DTT, 1 mM ATP, 0.5%
Methylcellulose, pH 7.4) containing an oxygen scavenger system was applied. The flow cell

was incubated for 1 minute at 30°C before imaging. The mean velocities of filaments and
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the fraction of filaments that move were determined using the tracking algorithm

described in Snook, et al. (2008).

A1.3 cMyBP-C Phosphorylation-Dependent Crossbridge Binding

COC3 force spectroscopy

For actin-C0C3/4D bond lifetime measurements: 1 nM COC3 or C0C3-4D was incubated in
the flow cell for 2 minutes. The flow cell was then blocked with 1 mg/ml BSA in actin buffer
for 2 minutes and washed with actin buffer. A suspension of actin buffer and biotinylated
actin microspheres was added to the flow cell. An oxygen scavenger system and 0.01 mM
DTT were included in the actin buffer and the bead suspension. Bond lifetime
measurements were made between COC3 or COC3-4D on the flow cell surface targets and

an actin-coated microsphere captured in the laser trap.

For HMM-C0C3/4D bond lifetime measurements: 10 ug/ml HMM was incubated in the flow
cell for 2 minutes. The flow cell was then blocked with 1 mg/ml BSA in actin buffer for 10
minutes and washed with actin buffer. A suspension of actin buffer and COC3- or COC3-4D-
coated microspheres was added to the flow cell. An oxygen scavenger system and 0.01 mM
DTT were included in the actin buffer and the microsphere suspension. All HMM
experiments were performed in the absence of nucleotide. Bond lifetime measurements
were made between HMM on the flow cell surface targets and a COC3- or COC3-4D-coated

microsphere captured in the laser trap.

COC3 bond lifetimes

Protein-coated microspheres were captured in a laser trap and brought into contact with a
protein-coated target for 1 second. The laser trap was stepped 200 nm away from the
target and held there for 1 second before repeating this cycle. The initial separation
between the trapped microsphere and the target was random, resulting in random tensile
loads experienced by the bond between actin or HMM and a cMyBP-C fragment. Over a
large number of experiments this resulted in a range of random step loads being applied to

actin or HMM-CO0C3/4D bonds using the laser trap. Bond formation was accompanied by a
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decrease in Brownian motion and a small shift in displacement, as well as the trapped
microsphere remaining in contact with the target after the laser trap was stepped away
from it. Bond rupture was accompanied by return of the microsphere to its original
position away from the target. Bond lifetime was defined as the time elapsed between
stepping the laser away from the HMM-coated target and bond rupture. The tensile load
experienced by a bond was calculated from the stiffness of the laser trap and the distance a

microsphere moved to return to the center of the laser trap.

Bond lifetimes were divided into 2 pN bins, within any one of which the lifetimes were
exponentially distributed. 95% confidence intervals of the mean of the exponentially

distributed bond lifetime data were calculated in each 2 pN force bin using Equation 1.

Control experiments were performed with blank targets (no COC3- or COC3-4D on targets
with actin-coated microspheres, and no HMM on targets with COC3- or COC3-4D-coated

microspheres).

COC3 zero load force spectroscopy

Bond lifetimes between actin or HMM and COC3 or COC3-4D at near-zero load were
measured as in (Guo and Guilford, 2006). Briefly, and actin-coated microsphere was held
adjacent to a C0C3/-4D-coated target or a C0C3/-4D-coated microsphere was held adjacent
to an HMM-coated target and bonds were allowed to form and break under low, semi-
random loads. Bond formation was identified by a decrease in Brownian motion
accompanied by a small shift in baseline, and bond rupture by a reversal of those changes.
Fits to power spectral density were used to calibrate the laser trap stiffness and detector

sensitivity.

Actin-C0OC3 bond formation measurements

The frequency of bond formation was measured over a range of COC3 surface densities to
determine a concentration at which 50% or greater binding occurs. To measure the
frequency of bond formation, an actin-coated microsphere was stepped in and out of

contact with a C0C3-coated target surface with a range surface densities (50-400 nM COC3).
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The frequency of bond formation was calculated as the number of trapped-microsphere
target contacts resulting in a bond divided by the total number of contacts. Based on the
results from these measurements, all bond formation experiments were performed while

incubating 400 nM COC3 or COC3-4D in the flow cell.

The probability of bond formation was measured as a function of contact time between the
actin-coated microsphere and the cMyBP-C fragment-coated target. Flow cells were
assembled as previously described with COC3 or COC3-4D adsorbed to the nitrocellulose-
coated target surface and biotinylated actin coupled to the laser-trapped microsphere.
Similar to Chesla et al. (1998), we determined adhesion probability as a function of contact
time between two surfaces by repeatedly stepping an actin-coated microsphere into
contact with a stationary cMyBP-C fragment-coated target and counting the number of
bonds formed for a fixed number of contacts. The molecules were stepped in and out of
contact with a constant step-out time of 1000 ms and a range of contact (step-in) times (5-
3200 ms). The adhesion probability, the number of times a bond was observed divided by
the total number of contacts, was plotted as a function of contact time. Adhesion
probability (P,) data were fit according to Chesla et al. (1998) using Equation 7. Because m;
and my are as yet unknown to us, we fit our data by lumping unknown constants A, m,, and

m; with k/ into one fitted parameter.

Bond formation in the laser trap must be measured at a higher surface density of the target
protein (COC3 or COC3-4D in these experiments) in order to overcome the limitations of
diffusion in the ligand-receptor interaction, whereas bond lifetime measurements
necessitate low site densities to ensure single bond events (Snook and Guilford, 2012). The
frequency of bond formation was measured over a range of COC3 surface densities to find a
concentration at which 50% or greater binding occurs. Based on the results from these
measurements, all bond formation experiments were performed by applying 400 nM C0C3

or COC3-4D to the surface of the flow cell.
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Time to bond formation (¢») was also measured to validate our adhesion probability
measurements. t, was measured between single COC3 or COC3-4D binding sites on actin-

coated microspheres using the method described in Appendix 1.

cMyBP-C N-terminal fragment in vitro motility assay

Actomyosin motility in the presence of the COC3 cMyBP-C N-terminal fragments was
measured as described by others (Saber et al,, 2008; Weith et al., 2012a) at 30°C. Briefly, 32
ug/ml HMM was applied to a flow cell made of a glass slide and nitrocellulose-coated
coverslip separated by mylar shims. After a 1 minute incubation, the flow cell was blocked
with 1% BSA in actin buffer with 10 mM DTT for 1 minute, followed by addition of TRITC-
phalloidin labeled actin filaments. After a 1 minute incubation, the flow cell was washed
with actin buffer with 10 mM DTT and exchanged with a final motility buffer (25 mM KCL,
25 mM Imidazole, 1 mM EGTA, 4 mM MgCl;, 10 mM DTT, 1 mM ATP, 0.5% Methyl Cellulose,
pH 7.4) containing an oxygen scavenger system and COC3. The flow cell was incubated for 1
minute at 30°C before imaging. The mean velocities of filaments and the fraction of
filaments that move were determined using the tracking algorithm described in Snook, et al.

(2008).

A1.4 cMyBP-C Nitrosylation

Nitrosylation donors

A 10 mM stock solution of S-nitroso-L-cysteine (SNO-L-cys) was prepared from L-cysteine
and stored at -80°C for up to 1 month. A 10 mM stock solution of L-nitrosoglutathione
(GSNO) was prepared from L-glutathione and stored at -80°C for up to 1 month.
Diethylamine-NONOate (DEA-NONOate; Cayman Chemical Company, Ann Arbor, MI) was
obtained commercially, diluted to 2 mg/ml in DMSO and stored at -20°C. Stock donors were

diluted to working concentrations in actin buffer immediately before use.

Coumarin switch assay
S-nitrosylation was measured using a modification (Han et al.,, 2008) of Jaffrey’s biotin

switch assay (Jaffrey and Snyder, 2001). AMCA-HPDP was used rather than biotin-HPDP
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during labeling to allow S-nitrosylated proteins to be imaged in-gel prior to staining total
protein; this aids in normalization of fluorescence against protein mass in each band.
Briefly, a NO donor was used to nitrosylate all solvent-accessible, nitrosylatable cysteines.
Proteins were then denatured and treated with a blocking agent (methanethiosulfonate,
MMTS) to alkylate reduced cysteines. Sodium ascorbate was used to break S-NO bonds,
thereby newly reducing cysteines that were originally nitrosylated by the donor treatment.
Newly reduced cysteines were labeled with a thiol-reactive coumarin (AMCA-HPDP) and

visualized under ultraviolet light in SDS-PAGE gels.

Three samples were used for each switch experiment. One donor-treated sample was
processed as described above (test sample). A control sample was left untreated to
determine the background signal when there was no nitrosylation. Finally, we omitted
MMTS block from one sample in order to label all the cysteines residues in the protein (no-

block sample).

Gels were imaged using a Bio-Rad ChemiDoc MP™ Imaging System (Bio-Rad Laboratories
Inc., Hercules, CA). Fluorescence signals were collected at 530 nm (530/28 BP) to measure
AMCA labeling. After AMCA imaging, gels were stained with colloidal coomassie and
imaged in brightfield for total protein. S-nitrosylation and total protein were determined
through optical intensity measurements of the protein bands following SDS-PAGE using

Image Lab 4.0.1 software (Bio-Rad Laboratories, Inc.).

Protein nitrosylation was quantified by collecting the AMCA fluorescence signal and
subsequently stained with colloidal coomassie to determine the mass for each protein band.
Fluorescence was normalized against total protein. The combination of normalized
fluorescence values from our three samples allowed us to estimate the number of

nitrosylated cysteines in the test sample.

The ratio of AMCA and total protein band volumes (Rsample) was obtained for each sample:
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AMCA_
- (17)
Total Protein_

sample

sample

Donor-treated samples were adjusted for background and autofluorescence by subtracting
the ratio of the control sample from each. The adjusted ratio of the labeled sample
(cysteines able to be nitrosylated) was divided by the no-block sample (all cysteines in

protein) to give the fraction of cysteines in the protein able to be nitrosylated (Ciabel):

R, -R
C o = label control (1 8)
R -R

no block control
Quantification of cysteines able to be nitrosylated (Niabel) was performed by multiplying
Ciabel by the total number of cysteines present in the protein (n) reported in the nucleotide
sequence for the protein.

N =nxC

label

label (19)
There are 22 cysteine residues present in mouse cMyBP-C and 7 present in the COC3

fragment of the protein (UniProt accession No. 070468).

Nitrosylation Treatment for cMyBP-C Motility

Exposure to NO donors takes place in reducing agent-free solutions.

cMyBP-C was nitrosylated using SNO-L-cysteine as a NO donor at a final concentration of
400 uM. Donor was added to protein and allowed to incubate on ice in the dark for 5
minutes. Donor-treated samples were added to motility buffer as described below prior to
degassing. Solutions were placed under vacuum for 20 minutes to denature remaining
unreacted donor. A control sample of denatured donor was prepared by diluting donor to
400 uM in a volume of actin buffer equal to that of cMyBP-C used in the experimental

sample, and was placed under vacuum for 20 minutes to denature unreacted donor.
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cMyBP-C nitrosylation and in vitro motility assay

cMyBP-C was dialyzed against 1 L actin buffer over night to remove DTT before use in
nitrosylation experiments. A DTT-free actomyosin motility was performed as described
elsewhere (Snook et al.,, 2008) with modifications to include cMyBP-C. Motility was
measured at 30°C with treated and control cMyBP-(, as well as a cMyBP-C-free control with
and without decomposed donor. All reducing agent-free buffers were degassed under
vacuum on ice for 20 minutes in small aliquots to remove oxygen and were re-degassed

after 4 flow cells or 20 minutes, whichever came first.

HMM was applied to a flow cell at a final concentration of 100 ug/ml in actin buffer
containing 10 mM DTT. After a 1 minute incubation, the flow cell was blocked with 1
mg/ml BSA in actin buffer with 10 mM DTT for 1 minute. TRITC-phalloidin labeled actin
filaments were introduced, followed by a wash with DTT-free degassed actin buffer. One
volume of motility buffer was added containing treated or control cMyBP-C, or a

decomposed donor control. Actin filament movement was recorded as described above.

Nitrosylation treatment for cMyBP-C binding to LMM

Exposure to NO donors takes place in reducing agent-free solutions.

cMyBP-C was nitrosylated using SNO-L-cysteine as a NO donor at a final concentration of
400 uM. Donor was added to protein and allowed to incubate on ice in the dark for 5
minutes. The solution was then placed under vacuum for 20 minutes to denature remaining
unreacted donor. Two control samples of filamentous LMM were also prepared in the
absence of cMyBP-C - one in which LMM was allowed to react with the donor and one in
which decomposed donor was added. Nitrosylation was performed before cMyBP-C was

combined with LMM filaments.

LMM filament assembly and cMyBP-C binding

To measure cMyBP-C binding to LMM, a centrifugation (spin-down) and C-protein binding
assay was performed as in Okagaki et al. (2007). Briefly, 1 L filament assembly buffer (100
mM KCl, 25 mM Imidazole, 1 mM EGTA, 4 mM MgCl;, pH 7.4) was vacuumed for a minimum
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of one hour to remove air. LMM was diluted to 3 uM in myosin buffer (300 mM KCL, 25 mM
imidazole, 1 mM EGTA, 4 mM MgCl;, pH 7.4) immediately before dialysis. LMM was
polymerized by dialysis against filament assembly buffer for 1 hour. LMM filaments were
incubated with cMyBP-C or nitrosylated cMyBP-C on ice for 30 minutes at a final
concentration of 0.25 uM, a concentration at which 50% binding saturation occurs
(Okagaki et al., 2007). Samples of assembled LMM filaments and unbound cMyBP-C
remained as controls. Samples were centrifuged at 100,00 g for 40 minutes at 4°C.
Supernatant was collected and stored on ice while pellets were resuspended in a volume of
filament assembly buffer equal to the pre-centrifugation volume of each sample. All
supernatant and pellet samples were diluted in sample buffer, heated, and gel

electrophoresis was performed using 12% Bis-Tris gels in MOPS running buffer.

Relative LMM assembly and cMyBP-C binding was measured by comparing gel band
volumes using Image Lab 4.0.1 software (Bio-Rad Laboratories). The volume of each LMM
and cMyBP-C band was measured. Volume measurements for all LMM bands were adjusted
by the volume of LMM in the supernatant of the control sample. Volume measurements for
all cMyBP-C bands were adjusted by the volume of cMyBP-C in the pellet of the control

sample. The pelleted fraction is

P — pellet (2 O)

where Vyeiier is the volume of the pellet band and Vsupernatant is the volume of the supernatant

band for the same sample. P was calculated for LMM and cMyBP-C in each sample.
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Appendix 2: Fitted Parameters
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Table 3: The fitted parameters of the two-pathway dissociation model for actin-HMM bond lifetime vs

load data (Figure 6a and b, Page 23). HMM loop 2 is intact.

Loop 2 Intact

Catch Pathway Slip Pathway
lonic Strength (mM)
ko, s1 X, NM ks, s1 Xs, NM
25 310 -7.2 7.1 0.2
145 1950 -10.5 5.8 0.2

Errors have not been included because fits were based on a weighted regression, which invalidates

the error estimates. Data were fit using Equation 5.

Table 4: The fitted parameters of the single bound pathway dissociation model for actin-myosin bond

lifetime vs load data (Figure 6a and b, Page 23). HMM loop 2 is cleaved.

Loop 2 Cleaved

lIonic Strength (mM) k9, s1 X, Nm
25 11.1 -0.08
145 4.1 0.28

Errors have not been included because fits were based on a weighted regression, which invalidates

the error estimates. Data were fit using Equation 6.
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Table 5: The fitted parameters of a double exponential decay for the fraction of actin-HMM bonds

surviving over time (Figure 7a, Page 26).

Fast Pathway Slow Pathway

B40
7\1, s1 7\2, s1
2-4 pN 0.82 24 2.9
8-10 pN 0.63 66 6.9

Data are for the low ionic strength (25 mM KCl) condition with intact HMM loop 2. Errors have not
been included because fits were based on a weighted regression, which invalidates the error

estimates. Data were fit using Equation 15.

Table 6: The fitted parameters for the fraction of actin-HMM bonds in the short-lived pathway over
load (Figure 7b, Page 26).

o

AE, 10-21] Xis, A

1.8+0.2 2.7+0.5

Data are for low ionic strength (25 mM KCl) condition with intact loop 2. Data were fit using Equation

2. Data are mean * standard error.
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Table 7: The fitted parameters of the reverse Bell model for actin-HMM specific 2D on-rates vs

compressive load (Figure 8, 29).

Ionic Strength (mM)  Loop 2 on?, 105 um?/s Xya, NM
Intact 6.0+1.2 0.20 £ 0.07
25
Cleaved 42+08 0.21+0.07
Intact 56+1.2 0.19 +0.07
145
Cleaved 3505 0.13+0.06

Data are for low and high ionic strength conditions with loop 2 intact and cleaved. Data were fit using

Equation 16. Data are mean * standard error.

Table 8: The fitted parameters of the adhesion probability between actin and N-terminal cMyBP-C

over a range of contact times (Figure 22, Page 57).

cMyBP-C Fragment Ammik®, 10-3 ms? 9,103 ms?
coc3 24 +0.7 29+0.6
C0C3-4D 2.3%0.6 2.7+09

Data were fit using Equation 7. Data are mean # standard error.
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Table 9: The fitted parameters of the single bound pathway dissociation model for actin-N-terminal

cMyBP-C bond lifetime vs load data (Figure 19, Page 52)

cMyBP-C Fragment kg0, s1 Xs, NM
coc3 6.8+0.7 0.15 +0.03
C0C3-4D 6.5+ 0.07 0.19 + 0.03

Data were fit using Equation 6. Data are mean # standard error.

Table 10: The fitted parameters of the single bound pathway dissociation model for HMM-N-terminal
cMyBP-C bond lifetime vs load data (Figure 20, Page 54).

cMyBP-C Fragment kg0, s'1 Xs, NM
coc3 6.4+0.8 0.16 + 0.04
C0C3-4D 6.6 0.7 0.21 +0.04

Data were fit using Equation 6. Data are mean # standard error.

Table 11: The fitted parameters of actin-HMM motility velocity over a range of COC3 concentrations

(Figure 24, Page 60)

Inhibitor ki, uM n

CoC3 0.8 0.7

Data were fit using Equation 9. Errors have not been included because the number of data points was

not greater than the number of fitted parameters.
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Table 12: The fitted parameters of actin-HMM motility velocity over a range of cMyBP-C

concentrations (Figure 25, Page 73).

Inhibitor ki (uM) n
cMyBP-C 04+0.1 0.5+0.1
Nitrosylated cMyBP-C 0.6 £0.4 0.5+0.2

Data were fit using Equation 9. Data are mean # standard error.
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Appendix 3: Matlab Code
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function [data mean data std error data std dev bond lifetimes...

bonds in bin bin range] = BinByForce(input data, force bin width)
$BINBYFORCE bins data using a given force value as the size of each bin.
Treats the colums of input data as vectors and divides them into bins
of size force bin width.

o oo oe

o°

Arguments:
input data: An m by 2 matrix containing time (bond lifetime or time to
bond formation) in column 1 and the corresponding load in column 2.
Must be sorted by ascending load.
force bin width: A scalar whose value is the amount of force in each
bin.

Returns:
data mean: An m by 2 matrix containing the mean time (bond lifetime or
time to bond formation) in column 1 and the corresponding mean load in
column 2 for each bin (row).
data std error: An m by 2 matrix containing the standard error of the
mean time (bond lifetime or time to bond formation) in column 1 and the
corresponding standard error of the mean load in column 2 for each bin
(row) .
data std dev: An m by 2 matrix containing the standard deviation of the
mean time (bond lifetime or time to bond formation) in column 1 and the
corresponding standard deviation of the mean load in column 2 for each
bind (row) .
bond lifetimes: An m by n matrix containing the bond
time (bond lifetime or time to bond formation) values (column)
contained within each bin (row). Because bins can contain a varying
number of bonds, remaining columns are filled with zero after the final
bond.
bonds in bin: An m by 1 vector containing the number of bonds in each
bin.
bin range: An m by 2 matrix containing the minimum possible load in
column 1 and the maximum possible load in column 2 for each bin (row).

o°

o0 00 A0 O OO A° O A° A° A A AN A O A A° O A° A O O° o° o°

o°

o°

% Divide data into bins.

number of bonds = length(input data);
Computes the total number of bonds in data set.

o°

i=1;
% Indexes the input data row.
n=1;

o

Indexes the bin number.

if (input data(i,2) < 0)
% Bins data with negative forces.

negative bins = ceil (- (input data(i,2) / force bin width));

bin start value = -(negative bins * force bin width);

while i <= number of bonds

% For the given data set, puts bond times and loads into their own
respective matrices, separated into force bins by row. Also maintains
a running count of how many bonds have been added to each bin.

o oo

bonds _in bin(n) = 0;
while ((i <= number of bonds) && (input data(i,2)...
< (((n * force bin width) - (-bin start value))))...
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&& (input data(i,2)...

> (((n - 1) * force bin width) - (-bin start value))))
bonds in bin(n) = bonds _in bin(n) + 1;
% Maintains a running count of the number of bonds that have
% been added to each bin, n, by row.
bond loads (n,bonds_in bin(n)) = input data(i,2);
% Assigns each load into next available column of a bin, n.
bond lifetimes (n,bonds in bin(n)) = input data(i,1);
% Assigns each time into next available column of a bin, n.
i=1i+1;

end
else
% Continues binning with nonnegative forces.
while i <= number of bonds
bonds _in bin(n) = 0;
while (i <= number of bonds)...
&& (input data(i,2) < (n * force bin width))

bonds in bin(n) = bonds in bin(n) + 1;
bond loads (n,bonds_in bin(n)) = input data(i,2);
bond lifetimes (n,bonds in bin(n)) = input data(i,1);
i=1+1;
end
n=n+1;
end
end
bonds in bin = bonds _in bin';
number of bins,largest bin width] = size(bond loads);

[
% Computes the total number of bins created and the number of elements in
% the largest bin.

% Computes upper and lower load values for bins.

for i = 1 : number of bins

% Determiens the range of values for each bin.
bin range(i,1l) = (i - 1) * force bin width;
% Minimum possible load value for each bin.
bin range(i,2) = (i * force bin width) - 0.01;

o)

% Maximum possible load value for each bin.
end

o)

% Compute mean time and load for each bin.

for i = 1 : number of bins
if bonds in bin(i,1l) == 0
% Accounts for empty bins.
data mean(i,:) = 0;
else
% Bins containing data.
data mean(i,1l) = mean(bond lifetimes(i,l:bonds in bin(i,1)));

o)

% Computes the mean time for each bin, i, by row.
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data mean(i,2) = mean(bond loads(i,l:bonds in bin(i,1)));
% Computes the mean load for each bin, i, by row.
end

end

o)

% Compute standard deviation of the mean for each bin.

for i = 1 : number of bins
if bonds _in bin(i,1l) == 0
% Acconts for empty bins.
data std dev(i,:) = 0;
else
% Bins containing data.
data std dev(i,1l) = std(bond lifetimes(i,l:bonds in bin(i,1)));
% Computes the standard deviation of the mean time for each bin, i,
% by row.
data std dev(i,2) = std(bond loads(i,l:bonds _in bin(i,1)));
% Computes teh standard deviation of the mean load for each bin, i,
% by row.
end
end

% Computes standard error of the mean for each bin.

for i = 1 : number of bins
if bonds _in bin(i,1l) == 0
% Accounts for empty bins.
data_ std error(i,:) = 0;
else

% Bins containing data.
for 3 =1 : 2
data std error(i,j)...
= (data_std dev(i,j) / sqgrt(bonds in bin(i,1)));
% Computes standard error of the mean for each bin, row i, of
time, column 1, and load, column 2.

o

end
end
end

end
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function [data mean data std error data std dev bond lifetimes...
bonds in bin bin range] = BinByNumber (input data, bonds per bin)
BINBYNUMBER bins data using the number of bonds per bin as the bin size.
Treats the columns of input data as vectors and divides them into bins
of size bonds per bin.

o° o° o° o°

o°

Arguments:
input data: An m by 2 matrix containing time (bond lifetime or time to
bond formation) in column 1 and the corresponding load in column 2.
Must be sorted by ascending load.
bonds per bin: A scalar whose value is the total number of bonds to be
placed in each bin.

Returns:
data mean: An m by 2 matrix containing the mean time (bond lifetime or
time to bond formation) in column 1 and the corresponding mean load in
column 2 for each bin (row).
data std error: An m by 2 matrix containing the standard error of the
mean time (bond lifetime or time to bond formation) in column 1 and the
corresponding standard error of the mean load in column 2 for each bin
(row) .
data std dev: An m by 2 matrix containing the standard deviation of the
mean time (bond lifetime or time to bond formation) in column 1 and the
corresponding standard deviation of the mean load in column 2 for each
bind (row) .
bond lifetimes: An m by n matrix containing the bond
time (bond lifetime or time to bond formation) values (column)

A0 00 A0 O A A° O A° IO A O A O° J° d° A° o°

o

o

% contained within each bin (row). Because bins can contain a varying
% number of bonds, remaining columns are filled with zero after the final
% bond.

o°

bonds in bin: An m by 2 matrix containing the number of bonds in each
bin. Column 1 corresponds to the number of time values and column 2
corresponds to number of load values. The highest force value bin may
not contain the originally specified bonds per bin.

bin range: An m by 2 matrix containing the minimum possible load in
column 1 and the maximum possible load in column 2 for each bin (row).

o°

o oo oP

o

o°

Determine number of bins needed.

number of bonds = length(input data);
% Computes the total number of bonds in data set.
number of bins = ceil (number of bonds / bonds per bin);

o)

% Computes number of bins.

if number of bins < 2
% Prints error if there is only one bin.

error ('Error: Only one bin; decrease the number of bonds per bin');
end

o)

% Divide data into bins.

bin index = zeros (number of bins,2);

% Perallocates an m by 2 matrix of zeros containing m = number of bins
o

% rows.
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first index = 1;

o0 H o° o°

o

corresponds to
in index(1,1) =
Sets the lower
in index(1,2) =
% Sets the upper

oo O

o

Creates a scalar variable to keep track of what row of input data
corresponds to the first bond in each bin.
ast index = bonds per bin;
Creates a scalar variable to keep track of what row of input data

the last bond in each bin.
first index;
limit value of the first bin.
last index;
limit value of the first bin.

for i = 2 : number of bins
% Fills the bin index matrix with lower (column 1) and upper (column 2)
% limit values to corresponding rows of input data starting with bin 2.
1) * bonds per bin + 1;

first index = (i -
bin index(i,1) = first index;
if i == number of bins

o)

o

% Checks for last bin to assign it the last row of input data to
account for case where last bin isn't full if number of bonds is not

% evenly divisible by bonds per bin.

last index = number of bonds;
else
last index = first index + bonds per bin - 1;
end
bin index(i,2) = last index;
end
count = zeros (number of bins,2);
% Preallocates an m by 2 matrix of zeros containing m = number of bins
% rOWS.
count (1,1) = bin index(1,2);

% Sets the starting value of number of bonds in bin 1 equal to the row
% number of input data corresponding to the upper limit index of bin 1.

% Sets the starting value of column 2 equal to that in column 1.

- bin index(i - 1,2);

count (1,2) = count(l,1);

for i = 2 : number of bins

% Computes the number of bonds in each bin.
count (i,1) = bin index (i, 2)
count (i,2) = count(i,1l);

end

for i = 1 : number of bins

% For the given data set,

% be placed in each bin.
= count(i,1);

bonds in bin
N _in_

o
o
o

isn't full

Number of bonds actually in bin.

for j = 1 : bonds_in bin
% Creates an m by n matrix of time values in columns, that fall into

bins bond times by the given number of bonds to

Accounts for case when last bin

% each bin, row n.
bond number = (i * bonds per bin + j - bonds per bin);
n = input data(bond number,1);
bond lifetimes(i,j) = n;

end

if bonds in bin < bonds per bin
% If last bin isn't full, assigns

"NaN" as the value for remaining
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o)

% times to fill empty columns in matrix.

for j =1 : (bonds per bin - bonds_in bin)
bond lifetimes (i, (bonds in bin + j)) = NaN;
end
end
end
for i = 1 : number of bins

% For the given data set, bins loads by the given number of bonds to be
% placed in each bin.

bonds _in bin = count (i, 1);

for j = 1 : bonds_in bin
bond number = (i * bonds per bin + j - bonds per bin);
n = input data(bond number, 2);
bond loads(i,Jj) = n;

end

if bonds in bin < bonds per bin
for j = 1 : (bonds per bin - bonds_in bin)

bond loads (i, (bonds_in bin + j)) = NaN;

end

end

end

% Computes upper and lower bounds of range of input data bond number for
% each bin.

for i = 1 : number of bins

o)

% Determines the range of values for each bin.
bin range(i,1l) = input data(bin index(i,1),2);
% Minimum bond number.

bin range(i,2) = input data(bin index(i,2),2);

% Maximum bond number
end

% Computes mean time and load for each bin.

for i = 1 : number of bins
if isnan(bond lifetimes(i,:)) == 0
% Computes mean for all full bins.
data mean(i,1l) = mean(bond lifetimes(i,:));
% Computes the mean time for each bin, i, by row.
data mean(i,2) = mean(bond loads(i,:));

o)

% Computes the mean load for each bin, i, by row.
else
% Computes mean for partially filled bins.
bonds _in bin = count (i, 1);
data mean(i,1l) = mean(bond lifetimes(i,l:bonds_in bin));
data mean(i,2) = mean(bond loads(i,l:bonds in bin));
end
end

o)

% Calculate standard deviation of the mean for each bin.
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for

end

i =1 : number of bins

if isnan(bond lifetimes(i,:)) == 0

% Computes standard deviation of the mean for all full bins.
data std dev(i,1l) = std(bond lifetimes(i,:));
% Computes the standard deviation of the mean time for each bin,
% by row.
data std dev(i,2) = std(bond loads(i,:));
% Computes the standard deviation of the mean load for each bin,
% by row.

else

% Computes standard deviation of the mean for partially filled bins.
bonds _in bin = count (i, 1);
data std dev(i,1l) = std(bond lifetimes(i,l:bonds_in bin));

data_std dev (i, 2)
end

std(bond loads(i,l:bonds in bin));

% Computes standard error of the mean for each bin.

for

end

i =1 : number of bins
for 3 =1 : 2
data std error(i,j) = (data_std dev(i,j) / sqgrt(count(i,j)));

o)

% column 1, and load, column 2.
end

% Set actual number of bonds in each bin.

clear bonds in bin
bonds in bin = count;

o)

end

% Assigns counted value of bonds in each row bin of 2-column matrix.

i,

i,

% Computes standard error of the mean for each bin, row i, of time,
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function [overall on rate 2D overall on rate 2D std error...
mean on rate 2D on rate 2D std error ]...
= TwoDimensionalOnRate (time to bond formation,bonds in bin, ...
receptor site density, ...
ligand site density,contact area)
STWODIMENSIONALONRATE computes the specific 2D on-rate for a given time to
bond formation.
Uses time to bond formation values to compute the specific 2D on-rate
for each bond and then computes mean and error of specific 2D on-rate
for entire data set as well as for bonds in each bin.
Arguments:
time to bond formation: An m by n matrix containing the time to bond
formation values, columns, for each bin, row. Because bins can contain
a varying number of bonds, remaining columns are filled with zero after
the final bond value.
bonds in bin: An m by 1 vector containing the number of bonds in each
bin.
receptor site density: A scalar value corresponding to the number of
receptors per unit area.
ligand site density: A scalar value corresponding to the number of
ligands per unit area.
contact area: area of contact between receptor- and ligand-coated
surfaces.
Returns:
overall on rate 2D: A scalar value of the mean specific 2D on-rate of
the entire data set.
overall on rate 2D std error: A scalar value of the standard error of
the mean specific 2D on-rate of the entire data set.
mean_on rate 2D: An m by 1 vector containing the mean sepcific 2D
on-rate of each bin.
on _rate 2D std error: An m by 1 vector containing the standard error of
the mean specific 2D on-rate of each bin.

A0 o ° 0 O° A° A A A AN O A A A A A A O O OO O A° A o° P

o°

o

Compute specific 2D on-rate and error for entire data set.

[a,b] = size(time to bond formation);

% Computes the number of bins, a, and maximum number of bonds per bin, b.
var = 1;

Sets the starting value of a running count of the total number of bonds
contained within the data set.

for i =1 : a

Computes the specific 2D on-rate for each bond in the data set using the
time to bond formation parsed from each column, j, of each bin, i, and
returns them in one 1 by n vector.

o

o

o

o° oo

for j =1 : bonds _in bin(i,1)
overall on rate 2D ind(var) = (time to bond formation(i,j)...
.* receptor site density...
.* ligand site density...
.* contact _area).”(-1);
var = var + 1;
end

end

overall on rate 2D = mean(overall on rate 2D ind);
% Computes the mean specific 2D on-rate of the entire data set.
n = length(overall on rate 2D ind);
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% Computes the total number of bonds contained in the entire data set.
overall on rate 2D stdev = std(overall on rate 2D ind);

Computes the standard deviation of the mean of the specific 2D on-rate
for the entire data set.

overall on rate 2D std error = overall on rate 2D stdev/sqgrt(n);

% Computes the standard error of the mean of the specific 2D on-rate for
% the entire data set.

o)
°
o)
°

o

Compute specific 2D on-rate and error for each bin of the data set.

for i =1 : a
% Computes the specific 2D on-rate for the bonds contained in each bin, i,
% and then computes mean and error for each bin.
if (bonds _in bin(i,1) > 0)
% Checks for empty bins.
for j =1 : bonds _in bin(i,1)
% Uses time to bond formation to compute specific 2D on-rate for
% each bond.
on _rate 2D(i,Jj) = (time to bond formation(i,j)...
.* receptor site density...
.* ligand site density .* contact area)...

S(=1)
end
mean on rate 2D(i,1l) = mean(on rate 2D(i,l:bonds _in bin(i,1)));
% Computes the mean specific 2D on-rate for the current bin.
n = bonds_in bin(i,1);
% Assigns the number of bonds in the current bin to variable n.
on _rate 2D stdev(i,l) = std(on rate 2D(i,l:bonds in bin(i,1)));

Computes the standard deviation of the mean specific 2D on-rate
for the current bin.
on rate 2D std error(i,l) = on rate 2D stdev(i,1)/sqrt(n);
% Computes the standard error of the mean specific 2D on-rate for
% the current bin.
else
% Assigns values for empty bins
on_rate 2D(i,:) = 0;
mean on rate 2D(i,1) = 0;
on_rate 2D stdev(i,l) = 0;
on rate 2D std error(i,1)
end
end
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function [upperbound lowerbound]...
= ExponentialConfidencelnterval (bond lifetimes,
data mean)

SEXPONENTIALCONFIDENCEINTERVAL compuets the upper and lower bonds of a 95%

$confidence interval for exponentially distributed data.

o°

o°

MTH541/Lecture%20notes/CI.pdf

o

o°

Arguments:

o

o°

bond formation) n in each bin m.

o

o°

bin m.

o°

o

and the mean load in column 2 for each bin m.
Returns:

upperbound: An m by 1 vector containing the value for

of a 95% confidence interval of the mean for each bin

lowerbound: An m by 1 vector containing the value for

of a 95% confidence interval of the mean for each bin

o° d° o o°

o°

m,n] = size(bond lifetimes);

00 —

o

a bin n.

o°

o°

mean.

for i =1 :m
% Computes the upper and lower bound for each bin.

bonds_in bin, ...

REFERENCE: http://people.missouristate.edu/songfengzheng/Teaching/

bonds in bin: An m by 1 vector containing the number of bonds in each

data mean: An m by 2 matrix containing the mean bond time in column 1

the upper bound
m.
the lower bound
m.

Compute the upper and lower bounds for 95% confidence intervals of the

upperbound(i,1l) = 2*sum(bond lifetimes(i,:))...
/chi2inv ((0.05/2), 2*bonds_in bin(i,1));

oe

Computes the upper bound of the interval for which

% there is a 95% probability that the interval encompasses

% the true mean.

lowerbound (i, 1) = 2*sum(bond lifetimes(i,:))...

/chi2inv ((1-0.05/2), 2*bonds_in bin(i,1));
% Computes the lower bound of the interval for which
% there is a 95% probability that the interval encompasses

% the true mean.
end

bond lifetimes: An m by n matrix of the bond times (lifetime or time to

Computes the number of bins m and the maximum possible number of bonds in
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Appendix 4: Matlab Code for
Cycling Crossbridge Model
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o©

Skeletal and Smooth crossbridge rates functions used to make supplemental
figures for paper.
TIME TO DETACHMENT

o

o)
°

%% Define Skeletal Parameters

clear all

close all

F=0:0.1:10;

% [pN] range of forces

max tspan = 15;

d = 0.5;

% [nm] Crossbridge conformational change distance parameter, estimated to
% be 0.5 for skeletal myosin by Will from Brenner

kO = 599.4;

% [s”-1] Mean rate at force = 0 for slow (42.8) and fast (1156) skeletal
% S1. From Capitano, et al. PNAS 2006.

k1l = ADPDissociation (F,d, k0);

% [s”-1] reactl forward rate constant

k2 = 5000;

% [s”-1] react?2 forward rate constant, from Millar & Geeves 1988

k3 = KineticActinDissociation (F);

% [s”-1] react3 forward rate constant

k3b = 0.2;

k3r = 0.1;

% [s”-1] react 3 reverse rate constant, from Siemankowski & White. J Biol.
% Chem. 1984. (they reference it from HD White, unpublished data)

k3s = KineticActinDissociationSlip (F);
k4 = KineticActinDissociation (F);

% [s”-1] react4d forward rate constant
kdb = 1;

kdr = 0.02;
% [s*-1] react 4 reverse rate constant, from White and Taylor. Biochem.
% 1976.

kds = KineticActinDissociationSlip (F);

k5 = 700;

% [s”-1] react5 forward rate constant, from Millar & Geeves 1988
Ttot = 4;

o

[mM] concentration of ATP

AMD = 0.00418;

**IF YOU CHANGE THIS NUMBER BE SURE TO CHANGE IT IN THE EVENTS M.FILE
[mM] initial concentratin of AMD

o

o

paramsl = {F,kl,%k2,k3,k4,k5,Ttot,AMD};
params2 = {F,kl,k2,k3b, kdb,k5,Ttot,AMD};
params3 = {F,kl,k2,k3s,kéds,k5,Ttot,AMD};

[e3ge)

%% Run single skeletal simulation

% Biomechanical CATCH Detachment
for i = 1 : length(F)
clear algvars
clear output
paramsl = {F(i),k1(i),k2,k3(1),k4(i),k5,Ttot,AMD};
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y0 = [0; O0; 0O; O; 0; 0]
tspan = [0 max tspan];

options = odeset ('Events', @eventsDetach AMC);

[t,y,te,ze,ie]...

= odelb5s (@CrossbridgeRatesODEfuncDetach, tspan, y0,options, paramsl) ;

for tstep = 1 : length(t),
[~,algvars (tstep,:)]...
=CrossbridgeRatesODEfuncDetach (t (tstep),y(tstep, :),paramsl);

end
output = algvars(:,6);
yfinal(i,:) = y(end,:)"';
TE = isempty(te);
if TE == 1
te = 0;
end
tEvent (i,1) = te;
end
figure

semilogy (F, tEvent, "k=-");
xlabel ('"Force (pN)'); ylabel ('t at 1/27{ymax} (s) ")
hold on

clear t
clear y
clear te
clear ze
clear ie
clear yfinal
clear TE
clear tEvent

o
o
for

Biomechanical SLIP Detachment

i =1 : length(F)

clear algvars

clear output

params3 = {F(i),k1(i),k2,k3s(i),k4s(1i),k5,Ttot,AMD};

y0O = [0; 0; O0; O0; 0; 01,
tspan = [0 max tspan];
options = odeset ('Events', @eventsDetach AMC);

[t,y,te,ze,ie]...
= odelb5s (@CrossbridgeRatesODEfuncDetach, tspan, y0,options, params3) ;
for tstep = 1 : length(t),
[~,algvars (tstep,:)]...
=CrossbridgeRatesODEfuncDetach (t (tstep),y(tstep, :),params3) ;

end
output = algvars(:,6);
yfinal(i,:) = y(end,:)"';

TE = isempty(te);
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if TE == 1
te = 0;

end

tEvent (i,1) = te;

end

semilogy (F, tEvent, 'b-.");

clear t

clear vy

clear te

clear ze

clear ie

clear yfinal

clear TE

clear tEvent

o)

% Biochemical Detachment
for i =1 length (F)
clear algvars

clear output

params2 = {F(i),k1(i),k2,k3b,k4db,k5,Ttot,AMD};
y0O = [0; 0; O0; O0; 0; 01,

tspan = [0 max tspan];

options = odeset ('Events', @eventsDetach AMC);

[t,y,te,ze,ie]l...

= odelb5s (@CrossbridgeRatesODEfuncDetach, tspan, y0,options, params?2) ;

for tstep =1 length(t),
[~,algvars (tstep,:)]...

= CrossbridgeRatesODEfuncDetach (t (tstep),y(tstep, :),params?2);

end
output = algvars(:,6);
yfinal(i,:) = y(end,:)"';
TE = isempty(te);
if TE == 1
te = 0;
end
tEvent (i,1) = te;

end

semilogy (F, tEvent, 'r--", 'LineWidth', 1) ;
hold off

o o
070

Define Smooth Parameters

range of forces
15;

] Crossbridge conformational change distance
2003.

parameter,

from Veigel et
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o

[s*"-1] Unloaded on-rate for ADP dissociation from actomyosin, from Veigel
et al 2003.
1 = ADPDissociation(F,d, k0);
[s*"-1] reactl forward rate constant
5 = 380;
[s”"-1] react2/5 forward rate constant, calculated from
9.5x10%4 M-1s-1 * 4 mM [ATP], from Khromov, Somlyo, and Somlyo. J. Phil.
1996.
k3b = 0.0035;
% [s*-1] react3 forward rate constant, from Cremo & Geeves, Biochemistry,
% 1998

o©

P

o

k2

o oe

o

k3 = KineticActinDissociation (F);
% [s”-1] react3 forward rate constant
k3s = KineticActinDissociationSlip (F);

kdb = 0.004;

% [s*-1] react4 forward rate constant, from Cremo & Geeves, Biochemistry,
% 1998

k4 = KineticActinDissociation (F);

% [s"-1] reactd forward rate constant

4s = KineticActinDissociationSlip (F);

k6 = 1.9;

% [s*-1] react 6 forward rate constant, from Cremo & Geeves, Biochemistry,
% 1998

k7 = 12.8;

% [s”-1] react7 forward rate constant, from Cremo & Geeves, Biochemistry,
% 1998

Ttot = 4;

[mM] concentration of ATPAMD = 0.000352; % **IF YOU CHANGE THIS NUMBER
BE SURE TO CHANGE IT IN FILE EVENTS.M [mM] initial concentratin of AMD
AMD = 0.000352;

$ **IF YOU CHANGE THIS NUMBER BE SURE TO CHANGE IT IN THE EVENTS M.FILE

% [mM] initial concentratin of AMD

o)
°
o)

°

paramsl {F,kl1,k25,k3,k4,Ttot,AMD};
params2 = {F,kl,k25,k3b,k4b, Ttot,AMD};
params3 {F,kl1,k25,k3s,kd4s,Ttot,AMD};

o)

% Run single smooth simulation

o)

% Biomechanical CATCH Dissociation

for i = 1 : length(F)

clear algvars

clear output

paramsl = {F(i),k1(i),k25,k3(1i),k4(1i),Ttot,AMD};

y0 = [0; 0; O; 0; O];

tspan = [0 max tspan];

options = odeset ('Events', @eventsSmoothDetach AMC) ;

[t,y,te,ze,ie]...

= odelb5s (@CrossbridgeRatesODEfuncSmoothDetach, tspan, y0,options, ...

paramsl) ;

for tstep = 1 : length(t),
[~,algvars (tstep,:)]...
= CrossbridgeRatesODEfuncSmoothDetach (t (tstep),y(tstep,:), ...
paramsl) ;
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end

output = algvars(:,5);
yfinal(i,:) = y(end,:)"';
TE = isempty (te);
if TE == 1
te = 0;
end
tEvent (i,1) = te;
end
figure

semilogy (F, tEvent, '-k', 'LineWidth', 1) ;

xlabel ('Force (pN)'); ylabel('t at 1/2 {ymax}

hold on

clear t

clear y

clear te

clear ze

clear ie

clear yfinal

clear TE

clear tEvent

% Biomechanical SLIP Dissociation

for i = 1 : length(F)
clear algvars
clear output

params3 = {F(i),k1(i),k25,k3s(i),k4s(i),Ttot,AMD};

y0 = [0; 0; O; 0; O];
tspan = [0 max tspan];
options = odeset ('Events', @eventsSmoothDetach AMC) ;

[t,y,te,ze,ie]...

= odelb5s (@CrossbridgeRatesODEfuncSmoothDetach, tspan, y0,options, ...

params3) ;

for tstep = 1 : length(t),
[~,algvars (tstep,:)]...

= CrossbridgeRatesODEfuncSmoothDetach (t (tstep),y(tstep,:), ...
params3) ;

end
output = algvars(:,5);
yfinal(i,:) = y(end,:)"';
TE = isempty(te);
if TE == 1
te = 0;
end
tEvent (i,1) = te;

end

semilogy (F, tEvent, 'b-.", 'LineWidth', 1) ;

clear t
clear y
clear te
clear ze
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clear ie
clear yfinal
clear TE
clear tEvent

o)

% Biochemical Dissociation

for i = 1 : length(F)

clear dydt

clear algvars

clear output

params2 = {F(i),k1(i),k25,k3b, k4b,Ttot,AMD};

y0 = [0; 0; O; 0; O];
tspan = [0 max tspan];
options = odeset ('NonNegative',[1 2 3 4 5], 'Events',...

@eventsSmoothDetach AMC) ;

[t,y,te,ze,ie]...

= odelb5s (@CrossbridgeRatesODEfuncSmoothDetach, tspan, y0,options, ...

params?2) ;

for tstep = 1 : length(t),
[dydt (tstep, :),algvars(tstep,:)]...

= CrossbridgeRatesODEfuncSmoothDetach (t (tstep),y(tstep,:),...

params?2) ;

end
output = algvars(:,5);
yfinal(i,:) = y(end,:)"';
TE = isempty(te);
if TE == 1

te = 0;
end
tEvent (i,1) = te;

end

semilogy (F, tEvent, '--r', 'LineWidth', 1) ;
hold off
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o°

Skeletal and Smooth crossbridge rates functions used to make supplemental
figures for paper. Includes a slip bond pathway biomechanical
dissociation.

Duty Cycle

o oe

o

%% Define Skeletal Parameters
clear all
close all

max tspan = 15;

] Crossbridge conformational change distance parameter, estimated to
e 0.5 for skeletal myosin by Will from Brenner
kO = 599.4;

[s”=1] Mean rate at force = 0 for slow (42.8) and fast (1156) skeletal
% S1. From Capitano, et al. PNAS 2006.

k1l ADPDissociation (F,d, k0) ;

% [s”-1] reactl forward rate constant

k2 = 5000;

% [s”-1] react?2 forward rate constant, from Millar & Geeves 1988
k3 = KineticActinDissociation (F);

% [s”-1] react3 forward rate constant

k3b = 0.2;

k3r = 0.1;

% [s”-1] react 3 reverse rate constant, from Siemankowski & White. J Biol.
% Chem. 1984. (they reference it from HD White, unpublished data)

k3s = KineticActinDissociationSlip (F);
k4 = KineticActinDissociation (F);

% [s”-1] reactd4 forward rate constant
kdb = 1;

kdr = 0.02;
% [s*-1] react 4 reverse rate constant, from White and Taylor. Biochem.
% 1976.
kds = KineticActinDissociationSlip (F);
k5 = 700;
[s"=1] react5 forward rate constant, from Millar & Geeves 1988
6 = 1.85;
[s"=1] react6 forward rate constant, mean of values from Trentham, et al.
Biochem. J. 1972. and Bagshaw, et al. Cold Spring Harbor Symp. Quant.
Biol. 1972.
7 = 1000;
[s"=1] react7 forward rate constant, from Millar & Geeves 1988
Ttot = 4;
[mM] concentration of ATP
AMD = 0.00418;
**IF YOU CHANGE THIS NUMBER BE SURE TO CHANGE IT IN THE EVENTS M.FILE
[mM] initial concentratin of AMD

d° o° o° R/ o

o° N

o

o

o

ATPHydrolysis = 100;
% Howard references Bagshaw 1993 (page 233)
ActinBinding = 30;

o)

% Howard (page 235)

141



PiRelease = 10000;
% Howard (page 235)

CycleTimeConstant = 1/ATPHydrolysis + 1/ActinBinding + 1/PiRelease;

o)

% Parameters for Time to Detachment
paramslDetach = {F,k1l,k2,%k3,k4,k5,Ttot,AMD};
params2Detach {F,kl1,k2,k3b, kdb, k5, Ttot,AMD};
params3Detach = {F,kl,k2,k3s,k4ds,k5,Ttot,AMD};

o)

% Parameters for Cycle Time

paramsl = {F,k1l,k2,k3,k4,k5,k6,k7,Ttot,AMD};
params?2 {F,k1,k2,k3b, kdb, k5,k6,k7,Ttot,AMD};
params3 = {F,kl,k2,k3s,k4s,k5,k6,k7,Ttot,AMD};

% Skeletal Time to Detachment, kinetic dissociation intact
for i = 1 : length(F)

clear algvars

clear output

paramslDetach = {F(i),k1(i),k2,k3(i),k4(i),k5,Ttot,AMD};

y0O = [0; 0; O0; O0; 0; 01,
tspan = [0 max tspan];
options = odeset ('Events', @eventsDetach AMC);

[t,y,te,ze,ie]...

= odelbs (@CrossbridgeRatesODEfuncDetach, tspan, y0,options, ...

paramslDetach) ;
for tstep = 1 : length(t),
[~,algvars (tstep,:)]...

= CrossbridgeRatesODEfuncDetach (t (tstep),y(tstep,:), ...

paramslDetach) ;
end
output = algvars(:,6);
yfinal(i,:) = y(end,:)"';
TE = isempty(te);
if TE == 1
te = 0;
end
tEventDetach (i, 1) = te;
end
clear t
clear y
clear te

clear ze
clear ie
clear yfinal
clear TE

o)

% Skeletal Cycle Time, kinetic dissociation intact
for i = 1 : length(F)

clear algvars

clear output
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end

paramsl = {F(i),k1(i),%k2,k3(1i),k4(i),k5,k6,k7,Ttot,AMD};

y0 = [0; 0; O; 0; O];
tspan = [0 max tspan];
options = odeset ('Events',@events AMC);

[t,y,te,ze,ie]...

= odelb5s (@CrossbridgeRatesODEfunc, tspan, y0,options, paramsl) ;

for tstep = 1 : length(t),
[~,algvars (tstep,:)]...

= CrossbridgeRatesODEfunc (t (tstep),y(tstep, :),paramsl);

end
output = algvars(:,8);
yfinal(i,:) = y(end,:)"';
TE = isempty(te);
if TE == 1
te = 0;
end
tEventCycle (i,1) = te;

tEventCycle = tEventCycle + CycleTimeConstant;
DutyCycleSkeletalKinetic = tEventDetach ./ tEventCycle;

clear t

clear vy

clear te

clear ze

clear ie

clear yfinal

clear TE

clear tEventDetach
clear tEventCycle

% Skeletal Time to Detachment, biochemical dissociation

for

i =1 : length(F)

clear algvars

clear output

params2Detach = {F(i),kl(i),k2,%k3b,kdb,k5,Ttot,AMD};

y0O = [0; 0; O0; O0; 0; 01,
tspan = [0 max tspan];
options = odeset ('Events', @eventsDetach AMC);

[t,y,te,ze,ie]...

= odelbs (@CrossbridgeRatesODEfuncDetach, tspan, y0,options, ...

params2Detach) ;
for tstep = 1 : length(t),
[~,algvars (tstep,:)]...

= CrossbridgeRatesODEfuncDetach (t (tstep),y(tstep,:),...

params2Detach) ;
end
output = algvars(:,6);
yfinal(i,:) = y(end,:)"';

TE = isempty(te);
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if TE == 1

te = 0;
end
tEventDetach (i, 1) = te;
end
clear t
clear vy
clear te

clear ze
clear ie
clear yfinal
clear TE

o)

% Skeletal Cycle Time, biochemical dissociation

for i = 1 : length(F)

clear algvars

clear output

params2 = {F(i),k1(i),k2,%k3b, k4b,k5,k6,k7,Ttot,AMD};

y0 = [0; 0; O; 0; O];
tspan = [0 max tspan];
options = odeset ('Events',@events AMC);

[t,y,te,ze,ie]...
= odelb5s (@CrossbridgeRatesODEfunc, tspan, y0,options, params?) ;
for tstep = 1 : length(t),
[~,algvars (tstep,:)]...
= CrossbridgeRatesODEfunc (t (tstep),y(tstep, :),params?2);

end
output = algvars(:,8);
yfinal(i,:) = y(end,:)"';
TE = isempty (te);
if TE == 1
te = 0;
end
tEventCycle (i,1) = te;

end

tEventCycle = tEventCycle + CycleTimeConstant;
DutyCycleSkeletalBiochemical = tEventDetach ./ tEventCycle;

clear t

clear y

clear te

clear ze

clear ie

clear yfinal

clear TE

clear tEventDetach
clear tEventCycle

o)

% Skeletal Time to Detachment, kinetic SLIP dissociation intact
for i = 1 : length(F)
clear algvars
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clear output
params3Detach = {F(i),kl(i),k2,k3s(i),k4s(i),k5,Ttot,AMD};

y0O = [0; 0; 0; O0; 0; 01,
tspan = [0 max tspan];
options = odeset ('Events', @eventsDetach AMC);

[t,y,te,ze,ie]...
= odelbs (@CrossbridgeRatesODEfuncDetach, tspan, y0,options, ...
params3Detach) ;
for tstep = 1 : length(t),
[~,algvars (tstep,:)]...
= CrossbridgeRatesODEfuncDetach (t (tstep),y(tstep,:), ...

params3Detach) ;
end
output = algvars(:,6);
yfinal(i,:) = y(end,:)"';
TE = isempty(te);
if TE == 1
te = 0;
end
tEventDetach (i, 1) = te;
end
clear t
clear y
clear te

clear ze
clear ie
clear yfinal

clear TE
% Skeletal Cycle Time, kinetic SLIP dissociation intact
for i = 1 : length(F)

clear algvars
clear output
params3 = {F(i),k1(i),k2,k3s(i),k4s(1),k5,k6,k7,Ttot,AMD};

y0 = [0; 0; O; 0; O];
tspan = [0 max tspan];
options = odeset ('Events',@events AMC);

[t,y,te,ze,ie]...
= odelb5s (@CrossbridgeRatesODEfunc, tspan, y0,options, params3) ;
for tstep = 1 : length(t),
[~,algvars (tstep,:)]...
= CrossbridgeRatesODEfunc (t (tstep),y(tstep, :),params3);

end
output = algvars(:,8);
yfinal(i,:) = y(end,:)"';
TE = isempty (te);
if TE == 1

te = 0;
end
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tEventCycle(i,1) = te;
end

tEventCycle = tEventCycle + CycleTimeConstant;
DutyCycleSkeletalSLIPKinetic = tEventDetach ./ tEventCycle;

figure

plot (F,DutyCycleSkeletalKinetic, "k-")
xlabel ('Force (pN)'); ylabel('Duty Cycle');
hold on

plot (F,DutyCycleSkeletalBiochemical, 'r—-")
plot (F,DutyCycleSkeletalSLIPKinetic, 'b-.")
axis ([0 10 0 11)

%% Define Smooth Parameters
clear all

max_ tspan = 15;

F=20:0.1:10;

% [pN] range of forces

d=2.7;

% [nm] Crossbridge conformational change distance parameter, from Veigel et
% al, 2003.

k0 = 32;

% [s”-1] Unloaded on-rate for ADP dissociation from actomyosin, from Veigel
% et al 2003.

k1l = ADPDissociation(F,d, k0); % [s”-1] reactl forward rate constant

k2 380;

5:
% [s”-1] react2/5 forward rate constant, calculated from
9.5x10%4 M-1s-1 * 4 mM [ATP], from Khromov, Somlyo, and Somlyo. J. Phil.

k3b = 0.0035;
% [s*-1] react3 forward rate constant, from Cremo & Geeves, Biochemistry,
% 1998

k3 = KineticActinDissociation (F);
% [s”-1] react3 forward rate constant
k3s = KineticActinDissociationSlip (F);

kdb = 0.004;

[s"-1] reactd4 forward rate constant, from Cremo & Geeves, Biochemistry,
1998

k4 = KineticActinDissociation (F);

% [s”-1] reactd4d forward rate constant

4s = KineticActinDissociationSlip (F);

k6 = 1.9;

% [s”-1] react 6 forward rate constant, from Cremo & Geeves, Biochemistry,
% 1998

k7 = 12.8;

% [s*-1] react7 forward rate constant, from Cremo & Geeves, Biochemistry,
% 1998

Ttot = 4;

% [mM] concentration of ATP

AMD = 0.000352;

o)
°
o)

°

146



o
°
o
°

**IF YOU CHANGE THIS NUMBER BE SURE TO CHANGE IT IN THE EVENTS M.FILE
[mM] initial concentratin of AMD

ATPHydrolysis = 50;
% Cremo and Geeves, Biochem. 1998.
ActinBinding = 30;

% Howard (page 235) - No smooth muscle rate available so using the skeletal
% rate
PiRelease = (0.014)*(1000);

Sellers, JBC, 1985; 0.014 s*-1 is rate of phos release from unphos smooth
muscle HMM in absence of actin, authors suggest 1000-fold increase in
rate of product release for phos-HMM with actin present

o o o°

CycleTimeConstant = 1/ATPHydrolysis + 1/ActinBinding + 1/PiRelease;

% Parameters for Time to Detachment
paramslDetach = {F,k1l,k25,k3,k4,Ttot,AMD};
params2Detach = {F,kl1l,k25,k3b, kdb, Ttot,AMD};
params3Detach {F,kl1,k25,k3s,kd4s,Ttot,AMD};

% Parameters for Cycle Time

paramsl = {F,k1l,k25,k3,k4,k6,k7,Ttot,AMD};
params2Detach = {F,k1l,k25,k3b, kdb, Ttot,AMD};
params3Detach = {F,k1l,k25,k3s,kd4s,Ttot,AMD};

% Smooth Time to Detachment, kinetic dissociation
for i = 1 : length(F)
clear algvars
clear output
paramslDetach = {F(i),k1(i),k25,k3(i),k4(i),Ttot,AMD};

y0 = [0; 0; O; 0; O];
tspan = [0 max tspan];
options = odeset ('Events', @eventsSmoothDetach AMC) ;

[t,y,te,ze,ie]l...
= odelb5s (@CrossbridgeRatesODEfuncSmoothDetach, tspan, y0,options, ...
paramslDetach) ;

for tstep = 1 : length(t),
[~,algvars (tstep,:)]...
= CrossbridgeRatesODEfuncSmoothDetach (t (tstep),y(tstep,:), ...

paramslDetach) ;
end
output = algvars(:,5);
yfinal(i,:) = y(end,:)"';
TE = isempty (te);
if TE == 1
te = 0;
end
tEventDetach (i, 1) = te;
end
clear t
clear vy
clear te
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clear ze
clear ie
clear yfinal
clear TE

o)

% Smooth Cycle Time, kinetic dissociation

for i = 1 : length(F)

clear algvars

clear output

paramsl = {F(i),k1(i),%k25,k3(1i),k4(1i),k6,k7,Ttot,AMD};

y0 = [0; 0; O; 0]
tspan = [0 max tspan];
options = odeset ('Events', @eventsSmooth AMC) ;

[t,y,te,ze,ie]...
= odelb5s (@CrossbridgeRatesODEfuncSmooth, tspan, y0,options, paramsl) ;

for tstep = 1 : length(t),

[~,algvars (tstep,:)]...
= CrossbridgeRatesODEfuncSmooth (t (tstep),y(tstep, :),paramsl);

end

output=algvars(:,7);

yfinal(i,:) = y(end,:)"';

TE = isempty (te);

if TE == 1
te = 0;

end

tEventCycle (i,1) = te;

end

tEventCycle = tEventCycle + CycleTimeConstant;
DutyCycleSmoothKinetic = tEventDetach ./ tEventCycle;

clear t

clear vy

clear te

clear ze

clear ie

clear yfinal

clear TE

clear tEventDetach
clear tEventCycle

o)

% Smooth Time to Detachment, biochemical dissociation
for i = 1 : length(F)

clear algvars

clear output

params2Detach = {F(i),kl(i),k25,%k3b, kdb,Ttot,AMD};

y0 = [0; 0; O; 0; O];
tspan = [0 max tspan];
options = odeset ('Events', @eventsSmoothDetach AMC) ;

[t,y,te,ze,ie]...
= odelb5s (@CrossbridgeRatesODEfuncSmoothDetach, tspan, y0,options, ...
params2Detach) ;

148



for tstep = 1 : length(t),
[~,algvars (tstep,:)]...
= CrossbridgeRatesODEfuncSmoothDetach (t (tstep),y(tstep,:),...

params2Detach) ;
end
output = algvars(:,5);
yfinal(i,:) = y(end,:)"';
TE = isempty(te);
if TE == 1
te = 0;
end
tEventDetach (i, 1) = te;
end
clear t
clear y
clear te

clear ze
clear ie
clear yfinal
clear TE

o)

% Smooth Cycle Time, biochemical dissociation

for i = 1 : length(F)

clear algvars

clear output

params2 = {F(i),k1(i),%k25,%k3b, k4b, k6,k7,Ttot,AMD};

y0 = [0; 0; O; 0]
tspan = [0 max tspan];
options = odeset ('Events', @eventsSmooth AMC);

[t,y,te,ze,ie]...
= odelb5s (@CrossbridgeRatesODEfuncSmooth, tspan, y0,options, params?2) ;

for tstep = 1 : length(t),
[~,algvars (tstep,:)]...
= CrossbridgeRatesODEfuncSmooth (t (tstep),y(tstep, :),params?2);

end
output = algvars(:,7);
yfinal(i,:) = y(end,:)"';
TE = isempty (te);
if TE == 1
te = 0;
end
tEventCycle (i,1) = te;

end

tEventCycle = tEventCycle + CycleTimeConstant;
DutyCycleSmoothBiochemical = tEventDetach ./ tEventCycle;

clear t
clear y
clear te
clear ze

149



clear
clear
clear
clear
clear

o)

for i
cl
cl

ie

yfinal

TE
tEventDetach
tEventCycle

% Smooth Time to Detachment, kinetic SLIP dissociation

= 1 : length(F)
ear algvars
ear output

params3Detach = {F(i),kl1(i),k25,k3s(i),k4s(1i),Ttot,AMD};

y0 = [0; 0; O; 0; O];
tspan = [0 max tspan];
options = odeset ('Events', @eventsSmoothDetach AMC) ;

[t,y,te,ze,ie]...

= odelb5s (@CrossbridgeRatesODEfuncSmoothDetach, tspan, y0,options, ...
params3Detach) ;

for tstep = 1 : length(t),

[~,algvars (tstep,:)]...
= CrossbridgeRatesODEfuncSmoothDetach (t (tstep),y(tstep,:),...
params3Detach) ;

end
output = algvars(:,5);
yfinal(i,:) = y(end,:)"';

TE

= isempty(te);

if TE == 1

te = 0;

end
tEventDetach (i, 1) = te;

end

clear
clear
clear
clear
clear
clear
clear

o)

for i
cl
cl

t

Yy

te

ze

ie
yfinal
TE

% Smooth Cycle Time, kinetic SLIP dissociation

= 1 : length(F)
ear algvars
ear output

params3 = {F(i),k1(i),k25,k3s(i),k4s(1i),k6,k7,Ttot,AMD};

y0 = [0; 0; O; 0]
tspan = [0 max tspan];
options = odeset ('Events', @eventsSmooth AMC);

[t,y,te,ze,ie]...

= odelb5s (@CrossbridgeRatesODEfuncSmooth, tspan, y0,options, params3) ;

for tstep = 1 : length(t),

[~,algvars (tstep,:)]...
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= CrossbridgeRatesODEfuncSmooth (t (tstep),y(tstep, :),params3) ;

end
output = algvars(:,7);
yfinal(i,:) = y(end,:)"';
TE = isempty(te);
if TE == 1
te = 0;
end
tEventCycle (i,1) = te;

end

tEventCycle = tEventCycle + CycleTimeConstant;
DutyCycleSmoothSLIPKinetic = tEventDetach ./ tEventCycle;

figure
plot (F,DutyCycleSmoothKinetic, "k-")

xlabel ('"Force (pN)'); ylabel ('Duty Cycle');

hold on

plot (F,DutyCycleSmoothBiochemical, "'r--")
plot (F,DutyCycleSmoothSLIPKinetic, "b-.")
function output = ADPDissociation (F,d, k0)

$Load-dependent on-rate for ADP dissociation from actomyosin.

% define parameters

kBT = 4.2;

o)

% [pN * nm] Thermal energy

%% Run caluclation of on-rate over range of forces and distance parameters

h

or 1 =1 : length(F)
for j = 1 : length(d)

kl1(i,3) = k0 * exp(=-(F (i) * d(J))/kBT);

end
end

output = kl1;
end
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function [dydt,algvars] = CrossbridgeRatesODEfunc (t,y,params)
$ODEfunc defines the system of ODEs describing the model

o)

% Assign names for parameter values and state variables

[F,k1,k2,%k3,k4,k5,k6,k7,Ttot,AMDtot] = params{:};

AM = y(1);
AMT = y(2);
MD = y(3);
M= y(4);

MT = y(5);

M] Free ATP available does not change if infinite amount in
= AMDtot-AM-AMT-MD-M-MT;

o)

% Reaction rates

reactl = k1*AMD;

react?2 = k2*AM*T;

react3 = k3*AMD;

reactd = k4*AM;

reactb5 = k5*AMT;

react6 = ko6*MD;

react7 = KkKT7*M*T;

% Differential equations;

dAM = reactl - (react2 + reactd);
dAMT = react2 - reacth;

dMD = react3 - react6;

dM = reactd4 + react6 - react?;
dMT = reactb + react?7;

dydt = [dAM;dAMT;dMD;dM;dMT];

system

algvars = [reactl,react2,react3, reactd, reacth,react6,react7,AMD];
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function [dydt,algvars] = CrossbridgeRatesODEfuncDetach (t,y,paramsl, yend)
% ODEfunc defines the system of ODEs describing the model

% Assign names for parameter values and state variables
[F,k1,k2,%k3,k4,k5,Ttot,AMDtot] = paramsl{:};

(1) ;
AMT = y(2);
MD = y(3);
M= y(4);
MT = y(5);
Detach = y(6);

o

Conservation equations

T = Ttot;
% [M] Free ATP available does not change if infinite amount in system
AMD = AMDtot-AM-AMT-MD-M-MT;

o)

% Reaction rates
reactl = k1*AMD;
react?2 = k2*AM*T;
react3 k3*AMD;
reactd k4 *AM;

react5 = k5*AMT;

o)

% Differential equations;

dAM = reactl - (react2 + reactd);
dAMT = react2 - reacth;

dMD = react3;

dM = react4;

dMT = reacth;

dDetach = react3 + reactd4d + reacth;
dydt = [dAM;dAMT;dMD;dM;dMT;dDetach];
% Reassemble differential equations

algvars = [reactl,react?2,react3,reactd,react5,AMD];
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function [dydt,algvars] = CrossbridgeRatesODEfuncSmooth (t,y,params)
% ODEfunc defines the system of ODEs describing the model

% Assign names for parameter values and state variables
[F,k1,k25,%k3,k4,k6,k7,Ttot, AMDtot] = params{:};

AM = vy
MD =y
(
Yy

% Conservation equations

T = Ttot;
% [M] Free ATP available does not change if infinite amount in system
AMD = AMDtot-AM-MD-M-MT;

% Reaction rates
reactl = k1*AMD;
react25 = k25*AM*T;
react3 = k3*AMD;
reactd k4 *AM;
react6 k6*MD;
react7 = KkKT7*M*T;

% Differential equations;

dAM = reactl - (react25 + reactd);
dMD = react3 - react6;

dM = reactd4 + react6 - react?;

dMT = react25 + react7;

dydt = [dAM;dMD;dM;dMT] ;

% Reassemble differential equations

algvars = [reactl,react25,react3, reactd, react6,react7,AMD];
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function [dydt,algvars] = CrossbridgeRatesODEfuncSmoothDetach (t,y,params)
% ODEfunc defines the system of ODEs describing the model

% Assign names for parameter values and state variables
[F,k1,k25,%k3,k4,Ttot,AMDtot] = params{:};

AM = y(1);
MD = y(2);
M= y(3);
MT = y(4);
Detach = y(5);

% Conservation equations

T = Ttot;
% [M] Free ATP available does not change if infinite amount in system
AMD = AMDtot-AM-MD-M-MT;

o)

% Reaction rates

reactl = k1*AMD;
react25 = k25*AM*T;
react3 = k3*AMD;
reactd = k4*AM;

% Differential equations;

dAM = reactl - (react25 + reactd);
dMD = react3;

dM = react4;

dMT = react25;

dDetach = react3 + reactd4 + react25;
dydt = [dAM;dMD;dM;dMT;dDetach];

algvars = [reactl,react25,react3, reactd4,AMD];
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function [value,isterminal,direction] = events AMC(t,y,params)
value = y(5)- 0.5 * 0.00418;

isterminal = 0;
direction = 0;
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function [value,isterminal,direction] = eventsDetach AMC(t,y,params)

value = y(6) - (0.00418 * 0.5);
isterminal = 0;
direction = 0;
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function [value,isterminal,direction] = eventsSmooth AMC (t,y,params)
value = y(4)- 0.5 * 0.000352;

isterminal = 0;
direction = 0;
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function [value,isterminal,direction] = eventsSmoothDetach AMC(t,y,params)
value = y(5)- (0.5 * 0.000352);

isterminal = 0;

direction = 0;
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function output = KineticActinDissociation (F)
$Load-dependent on-rate for actin dissociation from nucleotide-bound
gmyosin.

o)

% define parameters

kc = 312.5172;

s”-1] parameter from catch bond data fit
-7.1573;

nm] parameter from catch bond data fit

ks = 7.1393;

s”-1] parameter from catch bond data fit

—
—_ i —

[
m = 0.2331;
% [nm] parameter from catch bond data fit
kBT = 4.2;

[ *

nm] Thermal energy

%% Run caluclation of on-rate over a range of forces

k = (kc * exp((F * 1)/kBT)) + (ks * exp((F * m)/kBT));
output = k;
end
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function output = KineticActinDissociationSlip (F)
Load-dependent on-rate for actin dissociation from nucleotide-bound

o

% myosin with slip pathway only

% define parameters

ks = 4.1487;

s”-1] parameter from cleaved loop 2 data fit
.2795;

] parameter from cleaved loop 2 data fit
4.2;

pN * nm] Thermal energy

n

W
[os)

— 3 = | —
I

%% Run caluclation of on-rate over a range of forces

k = (ks * exp((F * m)/kBT));
output = k;
end
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