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Abstract:

The myosin Il motors are ATP-powered, force-generating machines driving cardiac and muscle
contraction. Myosin Il heavy chain isoform- beta (B-MyHC) is primarily expressed in the
ventricular myocardium and slow-twitch muscle fibers, such as in M. soleus. M. soleus-derived
myosin Il (SolM-11) is often used as an alternative to the ventricular B-cardiac myosin (BM-I1);
however, the direct assessment of detailed biochemical and mechanical features of the native
myosins is limited. By employing the optical trapping method, we examined the mechanochemical
properties of the native myosins isolated from rabbit heart ventricle and M. soleus muscles at the
single-molecule level. Contrary to previous reports, the purified motors from the two tissue sources,
despite the same MyHC isoform, displayed distinct motile and ATPase kinetic properties. M-I
was ~threefold faster in the actin filament-gliding assay than SolM-Il. The maximum acto-myosin
(AM) detachment rate derived in single-molecule assays was ~threefold higher in BM-II. The
stroke size for both myosins was comparable. The stiffness of the ‘AM rigor’ cross-bridge was also
similar for both the motor forms. The stiffness of M-Il was found to be determined by the
nucleotide state of the actin-bound myosin. Our analysis revealed distinct kinetic differences, i.e.,
a higher AM detachment rate for the BM-11, corresponding to the ADP release rates from the cross-
bridge, thus elucidating the observed differences in the motility driven by M-Il and SolM-I1.
These studies have important implications for the future choice of tissue sources to gain insights

into cardiomyopathies
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Introduction:

Cardiac contraction is driven by molecular motor proteins, myosin Il. Two main cardiac-specific
myosin Il isoforms are expressed in higher mammalian heart namely, alpha myosin (aM-II) and
beta myosin (BM-11). While in the atrium, primarily a-myosin is expressed, f-myosin is expressed
in the left ventricle and interventricular septum. In the atrium, a mixture of both myosin isoforms
is found, albeit with lower amounts of 3-myosin. The distinct myosin isoform expression is linked
to their activities, regulating the shortening speed of the different chambers, i.e., atrium and
ventricle, as per their physiological requirement. Hundreds of cardiomyopathy causing mutations
have been located in the ventricular myosin isoform (BM-I1) responsible for varying degrees of
severities in patients. Understanding the key functional characteristics of this myosin isoform has

been of great interest.

Myosin Il is a dimeric motor with two heavy chains and four light chains. Each myosin heavy chain
is endowed with a pair of essential (ELC) and regulatory light chains (RLC). The heavy chain
contains two main parts, i.e., the N-terminal globular motor domain and a long tail that participates
in filament formation. As resolved in a crystal structure of the myosin head (Subfragment-1, S1),
the motor domain contains the ATPase or active site, the actin-binding site, and a lever arm or light
chain binding domain with ELC and RLC wrapped around it (1). The crystal structure of the human
beta cardiac myosin motor domain has been recently resolved and shown to share common
structural elements as found before (2). A lever arm amplifies the small conformational changes in
the active site into a large displacement, whereby the actin filament is actively displaced by myosin.
Light chains provide structural support to the otherwise floppy lever arm. The light chain-binding
domain is followed by the heavy chain dimerization domain or Subfragement-2 (S2) region and
continues as a tail that assembles into thick filament.

Myosins are mechanoenzymes that employ the energy from ATP hydrolysis to generate the
force, driving actin filament movement and thereby muscle contraction. The biochemical
actomyosin (AM) ATPase cycle proposed from earlier studies comprises different nucleotide states
of the myosin active site, exhibiting strong and weak interactions with actin (3,4). In the absence
of nucleotide, myosin associates with actin in a strong-bound ‘rigor’ state. ATP binding to the
myosin active site dissociates the AM rigor complex. Myosin hydrolyzes the ATP to ADP and
inorganic phosphate (Pi). In the dissociated/weakly-bound myosin state, the lever arm is reprimed
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in the pre-powerstroke configuration. The transition of AM from weak- to strongly-bound state and
subsequent Pi release from the active site is associated with the generation of the first powerstroke,
while ADP release with the second shorter powerstroke. During the pre- to post-powerstroke
transition of the myosin head, lever arm rotates by about 70° during the 1% powerstroke, and further
following the ADP release. ADP release from myosin results in the formation of AM rigor state.
The rigor state ends when the new ATP binds and the cycle continues. Despite following the same
kinetic cycle, different myosin isoforms display large functional variability, i.e., distinct shortening
velocities and force generation capabilities, owing to the differences in the transition rates among
key AM states, allowing the motors to adapt to their physiological roles.

The MYH7 gene located on chromosome 14 encodes B-myosin heavy chain (B-MyHC).
The B-MyHC in complex with specific light chains, MLC1v and MLC2v, forms an active M-Il
motor unit that is mainly responsible for driving the ventricular contraction in higher mammals.
Apart from the left ventricle myocardium, the B-MyHC expression in slow-twitch skeletal muscle
(M. Soleus) was established for humans (5,6) and other species, such as rats and rabbits (7,8).
Along the same line, the B-MyHC with the hypertrophic cardiomyopathy (HCM) mutations were
confirmed for the slow-twitch skeletal muscle M. soleus-derived myosin (SolM-II). Thus, in the
patients with heterozygous HCM missense mutations, similar to cardiac samples, wild-type and
mutant B-MyHC are expressed in skeletal muscle (M. Soleus). MyHC was largely accepted as a
major functional determinant of the respective myosin complex. SolM-1I with HCM mutations was
perceived as an invaluable source to study the alterations in myosin properties which otherwise
will be unavailable for research until or only if the patient undergoes myectomy or heart transplant.
Since the skeletal muscle was relatively easily accessible, M. soleus-derived muscle fibers from
HCM patients were employed to understand the impairment in muscle fibers mechanics (9-12).
Besides, the purified motor proteins were analyzed in ensemble molecule measurements to assign
the effects of specific HCM mutations in B-MyHC (5,13). While control experiments were
performed to demonstrate the similar properties of myosin derived from soleus muscle and cardiac
tissue, large variabilities were observed (13). The studies were performed in the context of the
effect of mutations on the myosin function comparing soleus vs. cardiac mutant protein samples,
where the ratio of mutant to wild type protein in different patient samples and even different human
M. soleus-derived fibers likely affect the interpretations. The concrete evidence to substantiate the

functional similarity between the myosin derived from cardiac and skeletal muscle under identical
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experimental conditions is still lacking. We, therefore, set out to perform systematic studies
comparing myosin from rabbit M. soleus and left ventricular samples.

Contrary to the previous observations, we found significant differences in the ensemble-
molecule actin filament gliding speed driven by motors extracted from the two-tissue sources.
Using single-molecule analysis measurements, we further probed the specific chemo-mechanical
features of the myosins for varied functional outcomes, i.e., gliding speed. Based on our studies,
we conclude that regardless of the same myosin heavy chain isoform, the motors derived from
different tissue sources exhibit diverse kinetic properties. The reason for this dissimilarity may
become apparent when apart from a single major component, i.e., B-MyHC, the complete motor
complex or holoenzyme is taken into account for the parallels. Our studies underpin the importance
of studying the complete holoenzyme behavior. The accessory components and/or their
modifications may attribute the key kinetic differences among motor complexes. This knowledge
is crucial for future research aimed at unraveling the molecular mechanisms underlying individual

motor isoform function and cardiomyopathies.


https://doi.org/10.1101/2022.03.10.483824

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.10.483824; this version posted March 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Results:

Cardiac and slow skeletal myosin Il1-driven actin filament motility.

Our main aim was to probe if the pure population of B-cardiac and slow skeletal myosin display
comparable chemomechanical features as they share the same B-myosin heavy chain (3-MyHC)
isoform. Note that full-length native (3-cardiac and slow skeletal myosin are referred to as fM-II
and SolM-1lI, respectively.

Native dimeric 3-cardiac myosin motors were extracted from the rabbit heart ventricle and
examined in the SDS-PAGE for purity. The heavy chain and light chain composition of the purified
motors were examined for any contaminant atrial-specific a-cardiac myosins (Figure S1). The
light chains corresponding to specific heavy chain isoforms were observed in the coomassie stained
gels. No traces of either a- myosin heavy chain (a-MyHC) or essential (MLC1a) and regulatory
light chains (MLC2a) were detectible in our samples, suggesting a pure population of M-II. The
distinct bands specific to B-MyHC and corresponding essential (MLC1v) and regulatory light
chains (MLC2v) were observed. However, less than 5 % contaminant, which is beyond our
detection limit, cannot be ruled out in our BM-11 sample preparation. Similarly, slow myosin Il
were extracted from the rabbit type-I fibers generally found in slow-twitch muscles (M. soleus).
The isolated proteins were scrutinized for their purity to avoid any contaminant fast skeletal myosin
Il isoform (PsoM-II), typically expressed in type-11 fibers in M. psoas, as shown in Figure S2. The
isolated motors were studied using actin filament gliding assay in our functional assays.

We measured ATP concentration dependence of the gliding velocities driven by M-I and
SolM-II. To avoid discrepancies related to the variation in the surface density of motor molecules,
several ATP concentrations were tested in the same chamber (details in experimental procedure).
As expected, the actin filament gliding velocity was sensitive to the ATP concentration for both
BM-11 and SolM-I1. Figure 1 shows a plot of actin velocity as a function of ATP concentration from
5 uM to 2 mM ATP. The velocity increased with an increase in ATP concentration and followed
the hyperbolic curve. To our surprise, the gliding velocities were almost threefold higher for M-
Il than SolM-11 at saturating ATP concentration. By fitting the distribution to Michaelis-Menten’s
equation, the maximal velocities (Vmax) 0f 915 + 35 nm/s and 281 + 14 nm/s were estimated for
BM-I1 and SolM-11, respectively. The Km was also about two-fold different, i.e., 35 uM and 16 uM
for the BM-I1 and SolM-II, respectively.
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Actin filament sliding velocities or unloaded shortening velocities are determined by the
net rate of actomyosin cross-bridge cycling (14,15). The parameters that influence the sliding speed
(V) include: (i) the lifetime of the strong AM bound state (ton), and (ii) the powerstroke size (d) of
myosin, i.e., V = d/ton. During the actomyosin cross-bridge cycling, the fraction of the total ATPase
cycle time myosin spends bound to actin is defined as the duty ratio. The duty ratio can change
either by a change in the ADP release rate from the AM complex or the rate of weak-to-strong
bound transition of AM (i.e., A.M. ADP.Pi to AM.ADP.Pi state). An additional factor that may
influence ensemble-molecule sliding velocity measurements is the surface density of the myosin
motors in the flow cell. The skeletal myosin 1, a low duty ratio motor (< 0.05), showed motor
density dependence of velocities (16,17). In our filament gliding measurements, similar myosin
concentrations were infused into the flow cells. Therefore, the observed differences in the velocities
for BM-I11 and SolM-11 most likely resulted from altered powerstroke size (d) or the lifetime of the

strongly bound state (ton) Or both at saturating ATP concentration.

Single molecule analysis of B-cardiac myosin

To gain the key details of the observed differences in the ensemble measurements, we employed
single molecule analysis technique and investigated the biochemical and mechanical properties of

individual motor molecules.
AM detachment kinetics

The optical trapping based three-bead assay set up illustrated in Figure 2A is similar to previous
reports (18,19). An actin filament is held tight between the two optically trapped beads. Native
myosin motors are adsorbed onto the surface-immobilized nitrocellulose-coated glass bead. As
depicted in Figure 2A, each bead position is tracked using quadrant detectors and recorded. The
bead position records register the intermittent binding events between myosin (M) and actin (A),
appearing as a reduction in the signal amplitude of free dumbbell noise/Brownian motion (Figure
2B). The mechanical interaction of myosin with actin is associated with the transition from ‘weak’
to ‘strong-bound’ states, concomitant with the generation of a powerstroke whereby the actin is
displaced by the myosin molecule. Thus, for an individual actomyosin AM interaction, the duration
of the reduced signal amplitude primarily indicates the steps following the first powerstroke. Note

that since the strong bound AM.ADP.Pi state prior to the Pi release is short-lived i.e., <2 ms
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(20,21), it is expected to have minimal contribution to the lifetime of the observed interaction
lifetime (ton). We assume that the AM binding event comprises the post-powerstroke strong bound
‘AM.ADP’ and ‘AM’ rigor states. The lifetime of the ‘AM’ rigor state depends on the ATP
concentration, and increasing the ATP is expected to decrease the contribution of rigor states in the
bound period. As the interaction lifetime (ton) becomes insensitive to the increase of ATP, the ADP
release becomes rate limiting and thereby AM detachment rate is equivalent to rate of ADP release.
The (AM) interaction events were measured at various ATP concentrations to study the ATP
concentration dependence of the ton.

We used the varying concentrations of ATP from 1 to 100 uM and measured the duration
of AM bound state (ton) at defined ATP concentrations. Average ton (t) for each ATP concentration
is determined, an example as shown for 5 UM ATP in Figure 2C. The reciprocal of t is used to
calculate the AM detachment rate (1/ton). As shown in Figure 2D, the ATP concentration
dependence of the detachment rate follows the Michaelis-Menten Kinetics, yielding maximum
detachment rate of 88 s and the Michaelis constant, Km i.e., the ATP concentration to achieve
half maximal detachment rate was estimated to be about 48 uM. Note that the measurements above
100 uM ATP were not feasible, as the interaction events were too short for reliable detection. In
Figure 2E, the detachment rates of cardiac myosin BM-I1l were compared with the slow myosin
SolM-I1 and fast PsoM-I1. SolM-II displayed nearly 3-fold lower maximum detachment rate of ~
30 s than BM-1l. Km was also lower for SolM-II, i.e., ~31 uM. BM-II exhibited the AM
detachment kinetic properties intermediate between the fast PsoM-11 and slow SolM-I1I. The
detachment rates for PsoM-II was not possible to determine as it’s reported to be in the range of
>500 s (22), and thus beyond the detection limit of our current optical trap set up.

Thus, the observed differences in ensemble actin filament gliding velocities were
recapitulated in the AM dissociation rates at single-molecule level for SolM-I1 and BM-II. The Km
estimated from the motility experiments were although lower but showed similar trend to the
detachment kinetics in single-molecule experiments, thus reinforcing that the requirements for the
ATP concentration to reach half-maximal velocity is shifted to higher values for M-II.

We also compared the average lifetimes derived from individual BM-1I and SolM-I1I
molecules to probe 1) if the heterogeneous population of the motor molecules causes the observed
difference in the kinetic rates and 2) if a cluster of motor molecules with identical kinetic properties
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is apparent (Figure 2F). While larger variation was observed for SolM-11, a subpopulation of motors
with similar kinetic properties between SolM-11 and BM-11 could not be distinguished.

Altogether, BM-11 and SolM-11 revealed significantly different kinetics of actomyosin detachment.

B-cardiac myosin powerstroke size

Apart from AM detachment kinetics, the stroke size can influence the motor-driven speed of actin
filaments. To estimate the stroke size of native BM-II, the AM binding events were analyzed for
the displacement from mean dumbbell position. The individual event displacements were plotted
and a shift-of-histogram method was employed to determine the mean displacement of the myosin
motor as shown in Figure 3A. AM binding events measured at 5 uM ATP concentration yielded
the average stroke size of 5.32 nm for BM-I1I. Consistent with our previous studies (23), we
measured total stroke size of about 6 nm for SolM-11 (23).

The total stroke size is expected to contain substeps that are associated with the Pi and ADP
release, as the ATP undergoes ATPase cycle. The 1% powerstroke, linked to the Pi release, is the
beginning of the mechanical interaction between actin and myosin. Within the AM bound period,
the 2" powerstroke associated with the ADP release should take place as the myosin transitions
from AM. ADP to AM state. Since the overall size of the steps is small, it is difficult to extract the
substeps from normal displacement over time records, as the amplitude of Brownian motion of the
trapped bead is larger compared to the stroke size. Moreover, as the 1% powerstroke occurs in less
than 2 ms after binding to actin filament, damping effect of the trapped bead masks the myosin’s
conformational change following the initial AM attachment. To resolve the substeps Veigel et al.
(24) introduced the ensemble-averaging method, whereby synchronizing sufficiently long events
at the start and the end of the events were used to extract the hidden information in the noise
amplitudes with high precision. We employed this method to separate the substeps, i.e., 1% and 2"
powerstroke. Recently reported matlab-based program, Software for Precise Analysis of Single
Molecules (SPASM) (25) was used to synchronize the events at the beginning and end of the event
as shown in Figure 3C-E. At lower ATP concentrations, the bound durations of AM are expected
to contain sufficiently long time traces to derive the amplitude of 2" stroke (i.e., transition from
AM.ADP to AM). For BM-II, the analysis for two different ATP concentrations (1 and 5 puM)

revealed the total stroke size and amplitude of each step to be ~4.5 nm and ~0.8 nm for the 1%t and
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the 2" stroke, respectively. We also compared the substeps measurement with the SolM-11, which
was 4.53 and 1.4 nm, respectively. Interestingly, the analysis revealed similar amplitude for 1%
powerstroke of about 4.5 nm for both M-Il and SolM-I1. We also determined Ky, the transition
rate from AM rigor to ATP bound M state or detached state, which as expected increased with
increasing ATP concentration, i.e., 4 s* at 1 pM and 10 s at 5 pM, respectively (Figure 3C-D).
K1, which indicates the transition from AM.ADP to AM state or the rate of ADP release is however
difficult to determine reliably from this analysis, as the positive feedback applied to improve the
signal to noise ratio interferes with the initial attachment amplitude signal. Nevertheless, the ADP
release rate was reliably estimated from the ATP concentration dependence of the AM association
lifetimes as shown in Figure 2D and E. Thus, while the first powerstroke size was similar between

BM-11 and SolM-11, a small difference in especially the 2" stroke was observed.
B-cardiac myosin stiffness

The rigidity of the motors is key to their force-generating ability as the motor interacts with the
filament and undergoes nucleotide-dependent conformational changes. Variance-covariance
analysis (26,27) was employed to estimate the stiffness of BM-Il. Extent of the noise amplitude
reduction of both the trapped beads during AM interaction was used to derive the stiffness of the
interacting motor head. Our recent study and other reports (23,28,29) have established that a single
motor head interacts with the actin filament during single association-dissociation events. In Figure
4A, stiffness measurements performed at two different ATP concentrations, i.e., 1 and 50 uM ATP
are shown. We estimated high cross-bridge stiffness of about 1.83 + 0.09 pN/nm at 1 uM ATP,
while it reduced to about 0.88 + 0.08 pN/nm at 50 uM ATP. We demonstrated recently for slow
SolM-Il, that the ADP bound AM state has lower stiffness than the AM rigor state (23). For SolM-
I, stiffness of 1.75 = 0.1 pN/nm and 0.5 £ 0.04 pN/nm was determined at 10 and 500 uM ATP,
respectively (Figure 4B). It is conceivable that at low ATP concentration (e.g., 1 uM), within the
lifetimes of AM interaction, the periods of reduced noise primarily comprises the ‘rigor’ states,
whereas the duration of ADP bound AM states constitutes a relatively minor fraction. Therefore,
the time-averaged stiffness is dominated by the rigor cross-bridge state. At high ATP, however, the
lifetime of ‘rigor’ state is reduced and the duration of AM bound ADP state forms a substantial
fraction of the total bound duration. Thereby, the time-averaged stiffness primarily represents the
ADP state or the average of the two states (‘AM.ADP’ and ‘rigor’) depending on each state’s

contribution. Figure S3 shows ATP concentration-dependence of the measured stiffness where the
10
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shift towards lower stiffness values is evident with increased ATP, corresponding to average of
ADP-bound AM state. From our analysis of maximal detachment rates (i.e., 88 s**, which means
the average event lifetime of ~11 ms), ATP concentrations of more than 100 uM or higher would
be required to acquire predominantly ADP bound AM states. For BM-I11, the measurements above
50 uM ATP resulting in shorter event lifetimes were insufficient for reliable cross-bridge stiffness
estimation with either variance-covariance or triangular wave method.

Nevertheless, we observed similar trend for BM-11 as the SolM-11 that the rigor stiffness is higher
and increased ATP concentrations lead to lower stiffness values, suggesting that the AM.ADP state

possesses at least two-fold lower AM cross-bridge rigidity.

Rigor stiffness in the presence of pyrophosphate PPi

To further confirm that the state with a higher stiffness represents a rigor state, we mimicked the
strong-bound rigor-like AM state and measured the stiffness. We acquired cues from previous
studies, where pyrophosphate (PPi) was used to attain primarily the near-rigor state (30). Binding
rate of M.PPi to actin from solution studies is estimated to be 10’M*s(31). No working stroke
was observed in the presence of PPi, leading to the conclusion that the lever arm position remains
similar to that of the rigor state (30). In our analysis, the data records showed clearly defined rapid
rebinding events in the presence of PPi (Figure 4C). The ionic strength was raised to decrease the
binding and detect individual interaction events. In principle, PPi was used in the reaction mixture
to promote unbinding of the rigor complex, and high affinity of the PPi enabled collection of
individual binding/unbinding events. It was feasible to acquire a large number of events from
individual motor molecules. The binding events were analyzed and the stiffness was derived for
single myosin molecules using variance-covariance method. As shown in Figure 4D, high stiffness
of about 2 pN/nm was noted for different pyrophosphate conditions, which was similar to the values
obtained at lower ATP concentrations, i.e., 1 and 10 uM ATP for BM-I1 and SolM-I1, respectively.
Thus, we interpret that stiffness of actomyosin cross-bridge measured at low ATP represents the

rigor stiffness, which was found similar for both BM-11 and the SolM-I1 as shown in Figure 4E.
Average stiffness vs. lifetimes

We observed large variability in the time constants (t) from individual molecules as seen in Figure
2F. We therefore wondered if there is a direct correlation between the lifetime and the measured

stiffness for individual molecules i.e., whether longer average lifetime yields high stiffness for the
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specific myosin head and the shorter t corresponds to the lower stiffness. In Figure 5, the plots of
stiffness over time constants for individual molecules of M-II and the SolM-II are shown. We

found no obvious link between the time constants and the measured stiffness for single molecules.
Discussion

The MyH7 gene product B-MyHC is the predominant myosin heavy chain isoform expressed in the
ventricular myocardium and aerobic slow-twitch skeletal muscle fibers. In previous studies, the
myosin heavy chain isoforms expressed in the distinct muscle fibers were shown to be the major
determinant of the contractile velocity of the respective muscle fibers. Therefore, slow myosins
isolated from M. soleus were considered an alternative to examine cardiac muscle physiology and
pathophysiology, such as in human cardiomyopathies. In the present study, we investigated the
precise kinetic and mechanical features of the M-Il and SolM-I1 motors derived from ventricle
and slow skeletal muscles using ensemble- and single- molecule assays (summarized in Table 1).
Actin filament sliding velocities were found significantly lower for SolM-II than BM-Il. The
differences in the velocities are in agreement with the very recent work for the two motor
complexes (32). The ATP concentration dependence of the velocity (Km) was shifted toward
higher concentrations for cardiac myosins. Single-molecule optical trapping measurements
assigned the reason behind the slower velocities to the slower dissociation kinetics of the ADP for
SolM-Il. The mechanical parameters such as powerstroke size and the motor stiffness were
comparable. Remarkably, the recently found feature for SolM-IlI (23), i.e., the change of
crossbridge stiffness during actomyosin ATPase cycle, was ascertained for the M-I11 as well.
Accordingly, AM.ADP state displayed lower stiffness than the rigor stiffness for BM-II.
Collectively, the functional differences identified in these studies recommend careful
considerations while using skeletal muscle myosin or fibers as a replacement to study cardiac

muscle pathophysiology.

Relation to earlier studies on soleus and cardiac myosin. The actin filament gliding velocity of
the BM-11 of about 1 uM/s is comparable to the previous reports for rabbit, human and porcine
ventricular myosin (32,33). Our observed maximum AM detachment rate of 88 s™* for full-length
rabbit B-cardiac myosin is slightly faster than the previous reports. The rate of ADP release

measured for expressed human single headed beta cardiac myosin was 64 s (34), while single-
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molecule optical trapping of porcine cardiac myosin estimated detachment rate of 74 s (35).
Species-specific subtle variations or the experimental conditions, e.g., temperature, single vs
double headed myosin, myosin complex with all the subunits or without RLC employed in the
measurements are expected to have an influence on this parameter. Nonetheless, similar values for
rate of AM detachment and ADP release suggest that the structural transition corresponds to the
release of ADP.

Our Km values from the single-molecule studies are slightly higher than those for motility
experiments i.e., the ATP concentration dependence higher to reach half-maximal Vmax (Km of
50 and 35 uM for cardiac and 31 and 16 UM for slow skeletal myosins, respectively). One possible
explanation for the difference in apparent Km values in the filament velocity is assisting load by
the cycling AM cross-bridges - albeit low - in the mechanical sliding of actin filaments causing the
faster detachment and availability of nucleotide-free myosin heads. In other words, detachment is
faster in the motility experiment configuration in comparison to the single-molecule measurements.
Conversely, in single-molecule trapping conditions, individual myosin heads operate
independently. Besides, the surface immobilization of the myosin molecules on different surfaces,
i.e., nitrocellulose and BSA coated surface for single-molecule and gliding assay, respectively, may
impact the AM detachment kinetics and the gliding speed. The Km value of 35 uM from motility
assays is in close agreement with previous measurements for rabbit and rat cardiac myosins of 25-
40 uM and 43 pM, respectively (36,37). The small differences may be explained by the differences
in the assay conditions, i.e., motility of the myosin-coated beads along the actin cables (37) and a
species-specific difference (36). For the powerstroke size measurements, similar to previous
observations, two substeps with average displacements of about 4.5 and 0.8 nm were noted. Our
estimated total stroke size of 5.3 nm for M-I is lower than the previous single-molecule studies
using porcine ventricular myosin (6.8 nm) (35). For rat ventricular myosin, the values between 3-
8 nm were estimated in in situ studies (38). The authors also indicated load dependence of the
stroke size, i.e., higher load producing shorter displacement of 3 nm and lower load allowing stroke
size of 8 nm. Again, the experimental conditions and species-specific differences likely contributed
to the observed small variabilities.

AM cross-bridge stiffness. The change of AM cross-bridge stiffness during the ATPase cycle is
rather a very recent observation (23). Interestingly, for BM-11 we made similar observation. With
increasing ATP concentration, the trend toward lower stiffness, i.e., from 1.83 pN/nm to 0.88

pN/nm was observed (Figure 4A and S3). We assign these two stiffness values to the ‘rigor’ and
13
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‘ADP-bound’ cross-bridge states, respectively. Although due to limited time resolution, mainly
AM-ADP states could not be achieved, the data points towards two different cross-bridge
stiffnesses as the myosin head undergoes the cross-bridge cycle. We previously predicted that
change of stiffness within AM interaction time may be a common feature among different isoforms
of motors and that measured value for stiffness will depend on the duration of the respective state.
Our observation for BM-I1 further strengthens this proposal. Besides, using PPi we could directly
probe the rigor stiffness for the motor complexes, which was found comparable for the SolM-II
and BM-I11. Slightly higher average stiffness values in PPi experiments compared to those observed
at low ATP concentration may suggest a small contribution from ADP-bound states of AM cross-
bridges.

Mechanical work done (W) per ATP hydrolyzed is estimated previously from muscle fiber and
single-molecule studies (39-41). The estimated values for W were 30 pN nm (39), 27 pN nm (40)
from muscle fiber mechanics, and 11 pN nm per ATP from single-molecule studies (41). Using our
powerstroke size and stiffness values, we could utilize a function for the potential energy of a

spring, i.e., %k x d? (d - overall stroke size/displacement, k —stiffness/spring constant) to calculate

the mechanical work done per ATP molecule per AM crossbridge cycle. Using overall stroke size
of 5.3 and 6 nm and stiffness values of 1.83 and 1.75 pN/nm for M-Il and SolM-II, respectively,
the work done were calculated to be 25.7 and 31.5 pN nm. These estimates are in close agreement
with the estimates from fiber studies. Note that here we used the rigor stiffness of the AM

crossbridges, i.e., the state when the powerstroke is completed.

Possible source of differences in the  cardiac and M. Soleus M-I1. Diverse MyHC isoforms
are endowed with specific ELC isoforms, for example, the slow myosin ELCs are distinct from
the ones that associate with fast myosins. For both fast and slow skeletal myosin isoforms, two
essential light chains with size ranging from 17-27 kDa have been identified. For fast myosin,
MLC1f and MLC3f (42), and for slow myosin MLC1sa and MLC1sb/v ELCs are known (43). In
vivo, the two ELC isoforms can thus assemble with MyHCs to generate three different forms of
the myosin hexamer with respect to ELCs, comprising either a homo- or heterodimer. In earlier
work, the significance of the ELCs was examined using reconstitution approach. Fast, slow
skeletal and cardiac myosin ELCs were swapped to produce different hybrid single-headed
myosins. Biochemical analysis of these hybrid motors revealed deviation of actin-activated

ATPase kinetics from that of naturally existing combination of myosin complexes, corresponding
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to the change of ELCs (44). In subsequent studies, non-native ELC isoforms exchanged into the
permeabilized muscle fibers showed ELC isoform-dependent effect on the maximal shortening
velocity (45). The two slow ELC isoforms MLC1sa and MLC1sb reconstituted in the fast M.
psoas fibers showed greater reduction in the shortening velocity compared to the fast ELC
isoforms. However, the difference between the two isoforms MLC1sa and MLC1sb was not
significantly different. An effect of the ELCs was also investigated using an in vitro motility
assay (46). Here, the long MLC1f and short MLC3f isoforms of ELCs were compared. MLC3f
containing heavy meromyosin (HMM) moved actin filaments approximately twice as fast as
MLCL1f -containing HMM. The study revealed that the shorter ELC promotes the faster gliding
speed.

In the current study, the obvious difference in the composition of the two holoenzymes is
an extra ELC, i.e., MLC1sa in myosin originating from M. soleus. Based on past reports, it appears
likely that the kinetic features observed for SolM-I1 are due to the existence of a longer ELC,
MLC1sa (27 kDa) while the BM-I1 is equipped with MLC1sb/v (24 kDa). By comparing individual
molecule attachment lifetimes (ton), we probed if the long ELC, i.e., MLCl1sa is responsible for the
slower AM detachment kinetics of SolM-I1. We examined if the population corresponding to the
similar composition as BM-II is discernible in our single-molecule analysis. However, the time
constants from individual SolM-II molecules did not reveal two distinct populations (Figure 2F),
corresponding to an effect of a shorter or longer ELC on the detachment kinetics. In a dimeric
motor, the existence of a population of hetero- and homodimers of motors, and the type of
individual trimeric complex’s (B-MyHC-MLC1sa-MLC2v or 3-MyHC-MLC1sb-MLC2v) affinity
and activity is likely to determine the measured time constants for an individual molecule. Besides,
in a dimeric form, even if a single head interacts with the actin filament, the non-interacting head
is known to have influence on its activity. One question arises how ELC influences the actomyosin
crossbridge properties.

Several studies support the viewpoint that the long N-terminus of ELC directly interacts
with actin (47-51). About 40 aa N-terminal extensions in long ELCs are rich in lysine and proline
residues. A common view is that the weak interactions between the positively charged N-terminus
of the ELC and negatively charged C- terminus of actin modulate the kinetics of AM cross-bridge
cycling, reducing the AM complex detachment and consequently filament sliding velocity. In other
work, however, contradictory results were observed. Instead of single-headed myosin (S1), when

more physiologically relevant motor complexes such as full-length or dimeric myosin HMM were
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employed, the N-terminal region of long MLCL1 reduced the affinity of myosin for actin, rather
than strengthening (52).

Previous studies, including our own, highlighted that the variants of light chains critically
influence motor function (22,53). We have demonstrated it for the myosin light chain 2 (RLC).
Accordingly, despite its position distal to the main motor domain, MLC2v decelerated the fast
skeletal myosin-driven motility, implying an allosteric effect on the ATPase cycle. Based on our
observation with the RLC’s impact on the AM dissociation rates and actin filament gliding speed,
it appears likely that the reduction in the velocity may be a direct consequence of the effect of long
ELC isoform on the ATPase kinetics, e.g., on the ADP release. The FRET and Cryo-EM
experiments suggested that the N-terminus of ELC may interact with the SH3 domain (Src-
homology domain 3, comprising a six-stranded 3 barrel) of the globular head (54). This interaction
is assumed to be a bridge between the ELC and actin filament to encompass about 8 nm distance.
Conceivably, through its interaction with the N-terminal SH3 domain of MyHC, ELC may be
responsible for modulating the steps of the ATPase cycle, such as ADP release. At saturating ATP
concentration, the slower ADP release causing slower AM detachment can directly affect the
moving filament. The differences in the fraction of the AM crossbridges in the post-1% powerstroke
state (i.e., ADP state) are likely to translate into the different velocities.

Although many studies support the proposal that the ELC linking to the actin filament is
possible, it remains to be seen whether this feature is directly responsible for the reduced velocities
for the motor forms with long ELC’s N-terminal link. In this state, the additional weak interaction
between actin and myosin via ELC should be overcome following the ADP release and consequent
2" powerstroke, allowing AM complex to dissociate after ATP binding to the active site. The two
proposals, i.e., direct or allosteric effect on ATPase cycle and braking effect through engaging with
actin filament, however, may not be entirely exclusive. One possibility is that the ELC N-terminal
association to actin may slow down the ADP dissociation if it imposes a resisting load on the
myosin head. This effect perhaps is difficult to notice at the single-molecule level but possible in
the ensemble-molecule experiments such as actin gliding assay, where several motors are
simultaneously engaged to drive actin movement. In the light of contradictory results from previous
studies concerning the long ELCs role to strengthen or weaken the AM interaction, additional
specific experiments in the future would be required to verify these suggestions and to examine

ELC’s modulatory role.
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RLC phosphorylation. B-cardiac myosin RLC for several species have shown to be nearly 40 %
phosphorylated (55,56). The RLC phosphorylation is indicated to aid the movement of myosin
heads away from the thick filament backbone from so called ‘OFF’ to ‘ON’ state (57-59),
increasing the fraction of disordered myosin heads that are readily available for interaction with
the actin filament. Thus, RLC phosphorylation is expected to increase the fraction of myosin heads
for force generation. Consistent with this proposal, phosphorylation of cardiac RLC is shown to
increase the isometric force production (56,59). For slow-twitch muscles, however only a small
fraction of about 8 % is found to be phosphorylated (60). In vivo, the myosin molecules are closely
spaced/parallel to the thick filament backbone and requires to be lifted off the backbone to make
contact with the thin filament. The RLC phosphorylation is understood to play a major role in this
mode of myosin ‘ON’ conformation. In in vitro experiments, the myosin heads are expected to
immobilize in the upright orientation to support its association and displacement of actin filaments.
The extent of impact phosphorylation may display in this experimental set up is rather unclear.
However, subtle effects of RLC phosphorylation on the velocities were observed in in vitro motility
experiments (61,62). For the purified motors employed in our studies, we did not find significant
difference in the phosphorylation levels of the M-I or SolM-11. Our observation was consistent
with a recent report on RLC phosphorylation levels (32). Likely reason is that the phosphorylation
is lost during the protein extraction. Overall, nearly threefold difference in the gliding speed seen
between BM-I11 and SolM-I1 is less likely to be caused by variable RLC phosphorylation levels of

the motor complexes.

In conclusion, these observations indicate that the MyHC alone does not determine the functional
outcome of the motors but the overall composition of the hexameric complex and the interaction
between individual components of the holoenzyme modulate the chemo-mechanical coupling to
serve the physiological role. AM detachment kinetics, which is limited by the ADP release rate,
found to be the determining factor guiding the function of the motors when they are required to
perform as a cohort. It appears that, with a small variation in their composition, the two motors are
adapted to operate differently in their respective physiological milieu, i.e., B cardiac myosin motors
are engaged in generating maximal force during systole to pump blood from the ventricle, whereas

slow skeletal myosin can sustain the load under voluntary signal.

The current study has implications in our understanding of the molecular basis of various tissue-

or organ-specific roles of the myosin isoforms. Besides, it highlights the significance of the in-
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depth investigation when the corresponding motor complexes are employed to understand the
physiology and pathophysiology associated with motor components. While the current studies
primarily refer to the rabbit myosins, it raises a possibility that the effects of the cardiomyopathy
mutations in SolM-II backbone may vary from the ones in BM-II. Further studies with human
tissue-derived motors will, however, be required to ascertain the choice of substitute proteins for

important disease-related examinations.

Experimental procedure

Native myosin I1. Full length cardiac myosin 11 (BM-I1) and slow myosin (SolM-I1) were isolated
from rabbit ventricular tissue and M. soleus muscle in the high salt extraction buffer (0.5 M NacCl,
50 mM HEPES, pH, 7.0, 5 mM MgClz, 2.5 mM MgATP, and 1 mM DTT) as previously described
(63,64). The cardiac myosin was isolated from 50-100 mg ventricular tissue powder for each
experiment as described in (65) with some modifications. Isolated myosin was aliquoted, flash
frozen in liquid nitrogen and stored at -80°C in 50% glycerol.

The muscle and cardiac tissues were collected from the New Zealand white rabbits, Crl:KBL
(NZW). The animals were euthanized as per the guidelines from German animal protection act §7
(sacrifice for scientific purposes). In this study, we used shared organs originating from the animals
approved for experiments with authorization number 18A255. The animals registered under
reference number G43290, were obtained from Charles River France. All the procedures were
carried out in accordance with relevant guidelines and regulations from the Lower Saxony State
Office for Consumer Protection and Food Safety and Hannover Medical School, Germany.
Isoform gels for myosin isoforms. Different conditions were used to separate and visualize the
myosin heavy chains isoforms. To resolve cardiac MyHC isoforms 6. 5 % Acrylamid/Bisacrylamid
(100:1) gel was used (66). Stacking gel was prepared using 5 % AA/BisAA containing 5% glycerol.
Separating gel contained 6.5 % AA/BiISAA with 5% glycerol. The gel was run for 18 hrs at room
temperature. The 20 cm long gel (~4 cm stacking gel and ~16 cm separating gel) was run in the 1%
hour at 10 mA constant and thereafter at 12 mA constant. The gel was stained with quick coomassie
stain (Biotrend, Germany). The skeletal muscle myosin heavy chains were separated on 8 %
AA/BisAA containing 30 % glycerol. The gel was allowed to run at 30 mA and 4°C for 25 hrs.
12.5 % SDS PAGE was used to separate the light chain isoforms.
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Preparation of actin filaments. To obtain sufficiently longer biotinylated actin filaments (> 20
pm) for optical trapping experiments, chicken G actin and biotinylated G actin was mixed in
equimolar ratios to a final concentration of 0.1 pg/ pl each in p-buffer (5 mM Na-phosphate, 50
mM K-acetate, and 2 mM Mg-acetate), containing 1 mM DTT, 1 mM ATP, and 0.5 mM AEBSF
protease inhibitor (Cat No. 30827-99-7, PanReac Applichem ITW). The mixture was incubated
overnight at 4°C, and followed by addition of equimolar concentration of fluorescent (TMR,
tertramethylrhodamine) phalloidin (cat no. P1951, Sigma-Aldrich) and biotin phalloidin (0.23 nM,
Invitrogen/Thermofischer Scientific, B7474) to label the actin filaments. For in vitro actin filament
motility assays, actin filaments were generated by incubating G-actin in polymerisation buffer (p-
buffer) containing 5 mM Na-phosphate, 50 mM K-acetate, and 2 mM Mg-acetate, supplemented
with AEBSF protease inhibitor overnight at 4°C. Equimolar concentration of fluorescent phalloidin
was added to fluorescently mark the actin filaments. Unlabelled actin filaments were prepared the
same way except for addition of phalloidin.

In vitro motility assay. In vitro motility assay was performed with full-length M-I and slow
SolM-I1 by adsorbing the motors on the 1 mg/ml bovine serum albumin (BSA) coated surface. The
assay is described in more details in (64). Briefly, BSA containing assay buffer (AB-BSA) (AB;
25 mM imidazole hydrochloride pH 7.2, 25 mM NaCl, 4 mM MgCl2, 1 mM EGTA, and 2 mM
DTT) was injected into the flow cell and incubated for 5 minutes, followed by myosin infusion.
Myosin was allowed to bind on BSA-coated surface for 5 min. Excess/unbound myosin was
washed out with extraction buffer. To block the inactive or damaged myosin motor heads 0.25 uM
short, unlabelled F-actin was injected in the flow cell and incubated for 1 min. 2 mM ATP was
introduced in the chamber to release the actin filaments and to make the active motor heads
accessible. ATP was washed out with AB buffer. TMR labelled F-actin was incubated for 1 min,
followed by a washing step to remove excess filaments. Finally, the chamber was infused with AB-
BSA buffer containing 2 mM MgATP and antibleach system (18 pg/ml catalase, 0.1 mg/ml glucose
oxidase, 10 mg/ml D-glucose, and 10 mM DTT) to initiate F-actin motility. For ATP concentration
dependence of the motility measurements, different ATP conditions (5, 10, 30, 50, 100, 500, 1000
and 2000 uM) were performed in the same chamber by extensive washing steps in between the two
ATP concentrations. Under this experimental set up the surface density of motor molecules were
kept constant for motility measurements at low and high ATP concentrations. The fluorescent actin
was replenished whenever necessary when multiple ATP conditions were tested in the same

chamber. The complete removal of ATP was ensured by observing nonmotile actin filaments in
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the flow cell, prior to addition of the intended ATP concentration. The sequence of varied ATP
concentrations added to the flow cell was changed to ensure the true effect of ATP concentration
dependence. This arrangement ensured the identical surface density of myosin molecules and
precise effect of ATP concentration on the actin filament gliding speed. Note that the antibleach
system was introduced into each ATP containing buffer to ascertain the constant levels of
antibleach system as the chamber was used for prolonged period of up to 1 hour, when several
conditions were tested. At the end of the measurements, the motility was checked with the same
ATP concentration, as at the beginning to confirm that the myosin remained active and yielded
similar actin filament gliding speed.
Images were acquired with a time resolution of 200 ms (i.e., 5 frames/sec) using a custom-made
objective-type TIRF microscope. Actin filament gliding speed was analysed with Manual Tracking
plug-in MTrackJ from ImageJ (NIH, Bethesda, USA).
3-bead assay with optical tweezers. The optical trapping set up was described in detail previously
(18,67). For the assay, flow cells with approximately 15 pl chamber volumes were assembled using
coverslips with nitrocellulose-coated beads. Glass microspheres (1-1.5 pum) suspended in 0.05 %
nitrocellulose in amyl acetate were applied to 18x18 mm coverslips. All the dilutions of biotin-
actin filaments were made in reaction buffer (KS buffer) containing 25 mM KCI, 25 mM Hepes
(pH 7.4), 4 mM MgCl,, and 1 mM DTT. The full-length native myosin was diluted in high salt
extraction buffer without MgATP. For the experiment, the chamber was prepared as follows, 1)
flow cells were first incubated with 1 pg/ml native myosin for 1 min, 2) washed with high salt
extraction buffer without ATP and thereafter with KS buffer, 3) followed by wash with 1 mg/mi
BSA and incubated further for 2 min to block the surface, 4) finally, reaction mixture containing
0.8 um neutravidin coated polystyrene beads (Polyscience, USA) and 1-2 nM biotinylated actin
was flowed in with 10 uMATP (or varied concentrations of ATP), ATP regenerating system (10
mM creatine phosphate, and 0.01 unit creating kinase) and deoxygenating system (0.2 mg/ml
catalase, 0.8 mg/ml glucose oxidase, 2 mg/ml glucose, and 20 mM DTT). The assembled flow
chamber was sealed with silicon and placed on an inverted microscope for imaging and trapping
assay.

An actin filament was suspended in between the two laser trapped beads (Figure 2A), pre-
stretched, and brought in contact with the 3™ bead immobilized on the chamber surface. Low-
compliance links between the trapped beads and the filament were adjusted to about 0.2 pN/nm or

higher (26). The bead positions were precisely detected with two 4-quadrant photodetectors (QD),
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recorded and analyzed. The acto-myosin interaction events were monitored as a reduction in free
Brownian noise of the two trapped beads. Data traces were collected at a sampling rate of 10,000
Hz and low-pass filtered at 5000 Hz. All the experiments were carried out at room temperature of
approximately 22°C. For the B-cardiac myosin - to improve the time resolution and detect short-
lived AM binding events, high-frequency triangular wave of ~600 Hz and about = 30 nm amplitude
was applied to one of the trapped beads as described in (24,53).

Data Analysis. Using the variance-Hidden-Markov-method (27), acto-myosin interaction events
detected as reduction in noise were analyzed. This method allowed the AM bound states (low
variance) to be distinguished from the unbound states (high variance). Matlab routines were
employed to evaluate data records for ‘AM” interaction lifetime, ‘ton’ and stroke size (0) of motors.
Two different methods were employed to measure the stiffness (k) of the myosin motors, namely -
variance-covariance method and ramp method as described in detail previously (26,27). To
calculate motor stiffness with the variance-covariance method, data records with combined trap
stiffness in the range 0.05-0.09 pN/nm were used.

Briefly, for the ramp method, a big triangular wave was applied on both the beads. A large
amplitude triangular wave of 240 nm and 1 Hz was chosen to study acto-myosin binding events at
low ATP concentration (10 pM) due to their long life times, while 120 nm amplitude and 2 Hz
wave was applied at high ATP concentrations of 50 uM ATP. Thus, constant ramp velocity of 480
nm/s was used for high and low ATP concentrations. The AM interaction events were registered
on both upwards or downwards sides of the ramp. The beads follow the movement of the trap in
myosin unbound state, whereas the binding event restricts the bead movement by exerting
restraining force, thereby reducing the velocity of bead movements. For the AM binding events,
the velocity ratios between bound and unbound states for left and right beads were calculated. The
AM cross-bridge stiffness was deduced using the velocity ratios, trap stiffness and combined link
stiffness as described previously in Lewalle et al. (26).

Ensemble averaging. Ensemble averaging was used to estimate the two-step powerstroke during
each individual AM cross-bridge cycle. The computational tool developed by Blackwell et al (25)
was used to perform the analysis. To select the AM binding events for this analysis, we define
following criterias; 1) the displacement over time record trace from one of the two trapped beads
with relatively higher variance ratio (> 5) of bound vs unbound state/free dumbbell noise, 2) the

individual events should be well separated, as an indication of single myosin actin interactions, 3)
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the event lifetime (ton) must be more than 50 ms, 4) the binding events (especially the long binding
events) trace from both channels/ beads should not contain unspecific interference signal, and 5)
the direction of the bead signal fluctuations in both channels is synchronized.

Single myosin molecule interaction with actin filaments in optical trapping measurements: For
single-molecule optical trapping experiments, we established a protocol to improve the probability
that each data record is derived from an intermittent interaction between a single myosin molecule
and actin filament. Accordingly, 1) myosin density on the bead surface was adjusted by diluting
the myosin solution, 2) among 8-10 beads scanned for the presence of motor on the bead, typically,
one bead should interact with the dumbbell, 3) the data traces with distinct well-resolved AM
binding events were included in the analysis, 4) closely spaced binding events or stepwise binding
indicate multiple molecules simultaneously or consecutively interacting with the dumbbell and
such data records were excluded from the analysis. From the Poisson distribution knowing the
percentage of beads without motor, we estimate the likelihood of presence of more than 1 motor
per bead to be about 5 %. Since we excluded the data traces with closely spaced events, the effective
likelihood is less than 5 %. From a total of 432 analysed beads for AM binding events, it is unlikely
that a few beads with more than 1 motor could alter our results.

Statistical analysis: All values are expressed as mean = SEM and indicated in the manuscript in
relevant sections. Poisson distribution was used to estimate the likelihood of more than 1 molecule
interacting with actin filaments in optical trap measurements. Gliding velocities, single motor
stroke size, and stiffness of the native and S1 were analyzed using independent samples t-test. The
nonparametric Mann-Whitney U test was used to calculate the statistical differences in the duration
of AM interaction events, ton for the SolM-11 and BM-II motors. Statistical significance was
assumed if P < 0.05.

22


https://doi.org/10.1101/2022.03.10.483824

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.10.483824; this version posted March 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Acknowledgments

General: We are grateful to Petra Uta for the technical assistance in protein preparations, Faramarz
Matinmehr for help with the selection of type-1 muscle fibers, and Ante Radocaj for critical
comments on the manuscript. We thank Walter Steffen (deceased) for his crucial inputs in the
experiments.

Funding: This research was partly supported by a grant from Deutsche Forschungsgemeinschaft
(DFG) to MA (AM/507/1-1). TW is supported by a grant from Fritz Thyssen Stiftung to MA
(10.19.1.009MN). AN is supported by a grant from DFG (NA 1565/2-1). TS was supported by the
Young faculty program of MHH.

Author contributions: MA conceived the project and designed the experiments with inputs from
TW, and AN. TW performed optical trapping measurements and analyzed the data. MA performed
motility experiments, and ES, JO, FB, FG, TS, performed data analysis. Motility and single
molecule data was interpreted by TW, AN, and MA. TS and TK were involved in the discussions.
MA wrote the manuscript with assistance from TW and AN. All the authors contributed to the
editing of the manuscript.

Competing interests: Authors declare no competing interests.

References.

1. Rayment, I., Holden, H. M., Whittaker, M., Yohn, C. B., Lorenz, M., Holmes, K. C., and Milligan,
R. A. (1993) Structure of the actin-myosin complex and its implications for muscle contraction.
Science 261, 58-65

2. Winkelmann, D. A., Forgacs, E., Miller, M. T., and Stock, A. M. (2015) Structural basis for drug-
induced allosteric changes to human beta-cardiac myosin motor activity. Nat Commun 6, 7974

3. Geeves, M. A., and Jeffries, T. E. (1988) The Effect of Nucleotide Upon a Specific Isomerization
of Actomyosin Subfragment-1. Biochemical Journal 256, 41-46

4. Geeves, M. A., Goody, R. S., and Gutfreund, H. (1984) Kinetics of Acto-S1 Interaction as a Guide
to a Model for the Crossbridge Cycle. J Muscle Res Cell M 5, 351-361

5. Cuda, G., Fananapazir, L., Zhu, W. S., Sellers, J. R., and Epstein, N. D. (1993) Skeletal muscle

expression and abnormal function of beta-myosin in hypertrophic cardiomyopathy. J Clin Invest
91, 2861-2865

6. Yu, Q. T., Ifegwu, J., Marian, A. J., Mares, A., Jr., Hill, R., Perryman, M. B., Bachinski, L. L., and
Roberts, R. (1993) Hypertrophic cardiomyopathy mutation is expressed in messenger RNA of
skeletal as well as cardiac muscle. Circulation 87, 406-412

7. Lompre, A. M., Nadal-Ginard, B., and Mahdavi, V. (1984) Expression of the cardiac ventricular
alpha- and beta-myosin heavy chain genes is developmentally and hormonally regulated. J Biol
Chem 259, 6437-6446

8. Sinha, A. M., Friedman, D. J., Nigro, J. M., Jakovcic, S., Rabinowitz, M., and Umeda, P. K. (1984)
Expression of rabbit ventricular alpha-myosin heavy chain messenger RNA sequences in atrial
muscle. J Biol Chem 259, 6674-6680

23


https://doi.org/10.1101/2022.03.10.483824

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.10.483824; this version posted March 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

9. Seebohm, B., Matinmehr, F., Kohler, J., Francino, A., Navarro-Lopez, F., Perrot, A., Ozcelik, C.,
McKenna, W. J., Brenner, B., and Kraft, T. (2009) Cardiomyopathy mutations reveal variable
region of myosin converter as major element of cross-bridge compliance. Biophys J 97, 806-824

10. Kohler, J., Winkler, G., Schulte, 1., Scholz, T., McKenna, W., Brenner, B., and Kraft, T. (2002)
Mutation of the myosin converter domain alters cross-bridge elasticity. Proc Natl Acad Sci U S A
99, 3557-3562

11. Kirschner, S. E., Becker, E., Antognozzi, M., Kubis, H. P., Francino, A., Navarro-Lopez, F., Bit-
Avragim, N., Perrot, A., Mirrakhimov, M. M., Osterziel, K. J., McKenna, W. J., Brenner, B., and
Kraft, T. (2005) Hypertrophic cardiomyopathy-related beta-myosin mutations cause highly variable
calcium sensitivity with functional imbalances among individual muscle cells. Am J Physiol Heart
Circ Physiol 288, H1242-1251

12. Lankford, E. B., Epstein, N. D., Fananapazir, L., and Sweeney, H. L. (1995) Abnormal contractile
properties of muscle fibers expressing beta-myosin heavy chain gene mutations in patients with
hypertrophic cardiomyopathy. J Clin Invest 95, 1409-1414

13. Cuda, G., Pate, E., Cooke, R., and Sellers, J. R. (1997) In vitro actin filament sliding velocities
produced by mixtures of different types of myosin. Biophys J 72, 1767-1779

14. Siemankowski, R. F., and White, H. D. (1984) Kinetics of the interaction between actin, ADP, and
cardiac myosin-S1. J Biol Chem 259, 5045-5053

15. Weiss, S., Rossi, R., Pellegrino, M. A., Bottinelli, R., and Geeves, M. A. (2001) Differing ADP
release rates from myosin heavy chain isoforms define the shortening velocity of skeletal muscle
fibers. J Biol Chem 276, 45902-45908

16. Harris, D. E., and Warshaw, D. M. (1993) Smooth and skeletal muscle myosin both exhibit low
duty cycles at zero load in vitro. J Biol Chem 268, 14764-14768

17. Uyeda, T. Q., Kron, S. J., and Spudich, J. A. (1990) Myosin step size. Estimation from slow sliding
movement of actin over low densities of heavy meromyosin. J Mol Biol 214, 699-710

18. Steffen, W., and Sleep, J. (2004) Using optical tweezers to relate the chemical and mechanical cross-
bridge cycles. Philos Trans R Soc Lond B Biol Sci 359, 1857-1865

19. Steffen, W., Lewalle, A., and Sleep, J. (2006) Optical Tweezers: Application to the study of motor
proteins. In: Cell Biology., Elsevier Acad. Press. USA

20. Muretta, J. M., Rohde, J. A., Johnsrud, D. O., Cornea, S., and Thomas, D. D. (2015) Direct real-
time detection of the structural and biochemical events in the myosin power stroke. Proc Natl Acad
Sci U S A 112, 14272-14277

21. Woody, M. S., Winkelmann, D. A., Capitanio, M., Ostap, E. M., and Goldman, Y. E. (2019) Single
molecule mechanics resolves the earliest events in force generation by cardiac myosin. Elife 8

22. Nayak, A., Wang, T., Franz, P., Steffen, W., Chizhov, I., Tsiavaliaris, G., and Amrute-Nayak, M.
(2020) Single-molecule analysis reveals that regulatory light chains fine-tune skeletal myosin 11
function. J Biol Chem 295, 7046-7059

23. Wang, T., Brenner, B., Nayak, A., and Amrute-Nayak, M. (2020) Acto-Myosin Cross-Bridge
Stiffness Depends on the Nucleotide State of Myosin Il. Nano Lett 20, 7506-7512

24. Veigel, C., Wang, F., Bartoo, M. L., Sellers, J. R., and Molloy, J. E. (2002) The gated gait of the
processive molecular motor, myosin V. Nat Cell Biol 4, 59-65

25. Blackwell, T., Stump, W. T., Clippinger, S. R., and Greenberg, M. J. (2021) Computational Tool
for Ensemble Averaging of Single-Molecule Data. Biophys J 120, 10-20

26. Lewalle, A., Steffen, W., Stevenson, O., Ouyang, Z., and Sleep, J. (2008) Single-molecule
measurement of the stiffness of the rigor myosin head. Biophys J 94, 2160-2169

27. Smith, D. A., Steffen, W., Simmons, R. M., and Sleep, J. (2001) Hidden-Markov methods for the
analysis of single-molecule actomyosin displacement data: the variance-Hidden-Markov method.
Biophys J 81, 2795-2816

28. Offer, G., and Elliott, A. (1978) Can a myosin molecule bind to two actin filaments? Nature 271,
325-329

29. Huxley, A. F., and Tideswell, S. (1997) Rapid regeneration of power stroke in contracting muscle
by attachment of second myosin head. J Muscle Res Cell Motil 18, 111-114

24


https://doi.org/10.1101/2022.03.10.483824

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.10.483824; this version posted March 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

30. Steffen, W., Smith, D., and Sleep, J. (2003) The working stroke upon myosin-nucleotide complexes
binding to actin. Proc Natl Acad Sci U S A 100, 6434-6439

31. Taylor, E. W. (1991) Kinetic studies on the association and dissociation of myosin subfragment 1
and actin. J Biol Chem 266, 294-302

32. Osten, J., Mohebbi, M., Uta, P., Matinmehr, F., Wang, T., Kraft, T., Amrute-Nayak, M., and Scholz,
T. (2022) Myosin essential light chain 1sa decelerates actin and thin filament gliding on f-myosin
molecules. bioRxiv, 2022.2003.2008.483456

33. Malmgqvist, U. P., Aronshtam, A., and Lowey, S. (2004) Cardiac myosin isoforms from different
species have unique enzymatic and mechanical properties. Biochemistry 43, 15058-15065

34. Deacon, J. C., Bloemink, M. J., Rezavandi, H., Geeves, M. A., and Leinwand, L. A. (2012)
Identification of functional differences between recombinant human alpha and beta cardiac myosin
motors. Cell Mol Life Sci 69, 2261-2277

35. Greenberg, M. J., Shuman, H., and Ostap, E. M. (2014) Inherent force-dependent properties of beta-
cardiac myosin contribute to the force-velocity relationship of cardiac muscle. Biophys J 107, L41-
L44

36. Yamashita, H., Sata, M., Sugiura, S., Momomura, S., Serizawa, T., and lizuka, M. (1994) ADP
inhibits the sliding velocity of fluorescent actin filaments on cardiac and skeletal myosins. Circ Res
74, 1027-1033

37. Yamashita, H., Sugiura, S., Serizawa, T., Sugimoto, T., lizuka, M., Katayama, E., and Shimmen,
T. (1992) Sliding velocity of isolated rabbit cardiac myosin correlates with isozyme distribution.
Am J Physiol 263, H464-472

38. Caremani, M., Pinzauti, F., Reconditi, M., Piazzesi, G., Stienen, G. J., Lombardi, V., and Linari, M.
(2016) Size and speed of the working stroke of cardiac myosin in situ. Proc Natl Acad Sci U S A
113, 3675-3680

39. Huxley, A. F., and Simmons, R. M. (1971) Proposed mechanism of force generation in striated
muscle. Nature 233, 533-538

40. Linari, M., Dobbie, I., Reconditi, M., Koubassova, N., Irving, M., Piazzesi, G., and Lombardi, V.
(1998) The stiffness of skeletal muscle in isometric contraction and rigor: the fraction of myosin
heads bound to actin. Biophys J 74, 2459-2473

41. Veigel, C., Bartoo, M. L., White, D. C., Sparrow, J. C., and Molloy, J. E. (1998) The stiffness of
rabbit skeletal actomyosin cross-bridges determined with an optical tweezers transducer. Biophys J
75, 1424-1438

42. Weeds, A. G., and Taylor, R. S. (1975) Separation of subfragment-1 isoenzymes from rabbit skeletal
muscle myosin. Nature 257, 54-56

43, Pinter, K., Mabuchi, K., and Sreter, F. A. (1981) Isoenzymes of rabbit slow myosin. FEBS Lett 128,
336-338

44, Wagner, P. D., and Weeds, A. G. (1977) Studies on the role of myosin alkali light chains.
Recombination and hybridization of light chains and heavy chains in subfragment-1 preparations.
J Mol Biol 109, 455-470

45, Sweeney, H. L. (1995) Function of the N terminus of the myosin essential light chain of vertebrate
striated muscle. Biophys J 68, 112S-118S; discussion 118S-119S

46. Lowey, S., Waller, G. S., and Trybus, K. M. (1993) Skeletal muscle myosin light chains are essential
for physiological speeds of shortening. Nature 365, 454-456

47. Sutoh, K. (1982) Identification of myosin-binding sites on the actin sequence. Biochemistry 21,
3654-3661

48, Labbe, J. P., Audemard, E., Bertrand, R., and Kassab, R. (1986) Specific interactions of the alkali
light chain 1 in skeletal myosin heads probed by chemical cross-linking. Biochemistry 25, 8325-
8330

49. Andreev, O. A., and Borejdo, J. (1995) Binding of heavy-chain and essential light-chain 1 of S1 to
actin depends on the degree of saturation of F-actin filaments with S1. Biochemistry 34, 14829-
14833

25


https://doi.org/10.1101/2022.03.10.483824

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.10.483824; this version posted March 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

50. Timson, D. J., Trayer, H. R., and Trayer, I. P. (1998) The N-terminus of Al-type myosin essential
light chains binds actin and modulates myosin motor function. Eur J Biochem 255, 654-662

51. Milligan, R. A., Whittaker, M., and Safer, D. (1990) Molecular structure of F-actin and location of
surface binding sites. Nature 348, 217-221

52. Stepkowski, D., Efimova, N., Paczynska, A., Moczarska, A., Nieznanska, H., and Kakol, 1. (1997)
The possible role of myosin Al light chain in the weakening of actin-myosin interaction. Biochim
Biophys Acta 1340, 105-114

53. Amrute-Nayak, M., Nayak, A., Steffen, W., Tsiavaliaris, G., Scholz, T., and Brenner, B. (2019)
Transformation of the Nonprocessive Fast Skeletal Myosin 1l into a Processive Motor. Small 15,
e1804313

54, Lowey, S., Saraswat, L. D., Liu, H., Volkmann, N., and Hanein, D. (2007) Evidence for an
interaction between the SH3 domain and the N-terminal extension of the essential light chain in
class 1l myosins. J Mol Biol 371, 902-913

55. Morano, I. (1999) Tuning the human heart molecular motors by myosin light chains. J Mol Med
(Berl) 77, 544-555

56. Toepfer, C., Caorsi, V., Kampourakis, T., Sikkel, M. B., West, T. G., Leung, M. C., Al-Saud, S. A.,
MacLeod, K. T., Lyon, A. R., Marston, S. B., Sellers, J. R., and Ferenczi, M. A. (2013) Myosin
regulatory light chain (RLC) phosphorylation change as a modulator of cardiac muscle contraction
in disease. J Biol Chem 288, 13446-13454

57. Metzger, J. M., Greaser, M. L., and Moss, R. L. (1989) Variations in cross-bridge attachment rate
and tension with phosphorylation of myosin in mammalian skinned skeletal muscle fibers.
Implications for twitch potentiation in intact muscle. J Gen Physiol 93, 855-883

58. Levine, R. J.,, Kensler, R. W., Yang, Z., and Sweeney, H. L. (1995) Myosin regulatory light chain
phosphorylation and the production of functionally significant changes in myosin head arrangement
on striated muscle thick filaments. Biophys J 68, 224S

59. Kampourakis, T., Sun, Y. B., and Irving, M. (2016) Myosin light chain phosphorylation enhances
contraction of heart muscle via structural changes in both thick and thin filaments. Proc Natl Acad
Sci U S A 113, E3039-3047

60. Ryder, J. W., Lau, K. S., Kamm, K. E., and Stull, J. T. (2007) Enhanced skeletal muscle contraction
with myosin light chain phosphorylation by a calmodulin-sensing kinase. J Biol Chem 282, 20447-
20454

61. Karabina, A., Kazmierczak, K., Szczesna-Cordary, D., and Moore, J. R. (2015) Myosin regulatory
light chain phosphorylation enhances cardiac beta-myosin in vitro motility under load. Arch
Biochem Biophys 580, 14-21

62. Greenberg, M. J., Mealy, T. R., Watt, J. D., Jones, M., Szczesna-Cordary, D., and Moore, J. R.
(2009) The molecular effects of skeletal muscle myosin regulatory light chain phosphorylation. Am
J Physiol Regul Integr Comp Physiol 297, R265-274

63. Thedinga, E., Karim, N., Kraft, T., and Brenner, B. (1999) A single-fiber in vitro motility assay. In
vitro sliding velocity of F-actin vs. unloaded shortening velocity in skinned muscle fibers. J Muscle
Res Cell Motil 20, 785-796

64. Amrute-Nayak, M., Antognozzi, M., Scholz, T., Kojima, H., and Brenner, B. (2008) Inorganic
phosphate binds to the empty nucleotide binding pocket of conventional myosin I1. J Biol Chem
283, 3773-3781

65. Tyska, M. J., Hayes, E., Giewat, M., Seidman, C. E., Seidman, J. G., and Warshaw, D. M. (2000)
Single-molecule mechanics of R403Q cardiac myosin isolated from the mouse model of familial
hypertrophic cardiomyopathy. Circ Res 86, 737-744

66. James, J., Martin, L., Krenz, M., Quatman, C., Jones, F., Klevitsky, R., Gulick, J., and Robbins, J.
(2005) Forced expression of alpha-myosin heavy chain in the rabbit ventricle results in
cardioprotection under cardiomyopathic conditions. Circulation 111, 2339-2346

67. Steffen, W., Smith, D., Simmons, R., and Sleep, J. (2001) Mapping the actin filament with myosin.
Proc Natl Acad Sci U S A 98, 14949-14954

26


https://doi.org/10.1101/2022.03.10.483824

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.10.483824; this version posted March 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

68. Molloy, J. E., Burns, J. E., Kendrick-Jones, J., Tregear, R. T., and White, D. C. (1995) Movement
and force produced by a single myosin head. Nature 378, 209-212

Table 1. Summary of parameter derived from ensemble molecule and single-molecule studies.

Cardiac ventricular

Slow skeletal myosin

myosin(pM-11) (SolM-I1)
Actin filament gliding
Vmax (nm/s) 915.23 £ 32.63 281.82 £ 14.29
Km (uM) 35.86 + 1.46 16.53 + 1.64
AM detachment kinetics
Keat () 88.16 £+ 10.41 29.31+1,51
Km (LM) 476 +11.91 31.6+3.7

Powerstroke size § (nm)
Stepl-61
Step 2 - 52

Stiffness of the motor (pN/nm)
Low ATP
High ATP

5.32 +0.16 (5 UM ATP)
4.59
0.77

1.83+0.09 (1 pM ATP)
0.88 £ 0.08 (50 uM ATP)

5.93 +0.19 (10 pM ATP)
453
1.40

1.75+ 0.1 (10 pM ATP)
0.5 + 0.04 (500 pM ATP)
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Figure legends.

Figure 1. In vitro motility assay. Actin filaments gliding velocity on BM-II and SolM-I1I coated
surface. The velocities were dependent on MgATP concentration for both motor forms and
followed classic enzymatic reaction behavior defined by Michaelis Menten’s equation as a function
of MgATP concentration. Each data point represent the average filament velocities £ SEM for
corresponding ATP concentration. For each myosin, the data was fitted with Michaelis Menten’s
constant yielding maximum velocity (Vmax) and ATP concentration required to achieve half-
maximal velocity (Km). Gliding speed of 115-350 actin filaments were analyzed for each ATP
condition. The experimental outcomes were reproducible with minimum three independent myosin

preparations. SEM — standard error of mean.

Figure 2. ATP concentration dependence of AM bound lifetimes for M-Il and SolM-I11. (A)
Optical trap setup for three-bead assay. Note that the various components of the setup are not drawn
to scale. B) Original data trace displaying the bead position signal over time. Example shows single
myosin molecule interacting with an actin filament at 5 uM ATP. Several AM interaction events
are indicated with blue asterix. ton is the duration of AM association. The green arrow illustrates
the displacement (d) from average unbound to bound position. The AM bound and unbound states
are depicted in simplified ATPase scheme and corresponding signal change is shown with green
and red background on the data trace, respectively. C) AM interaction events to, measured at 5
MM ATP are plotted in a histogram. The average lifetimes (t) were calculated by least-squares
fitting of a histogram with single exponential decay function. D) The AM detachment rate is the
inverse of AM-bound average lifetime (t). Detachment rates (1/t) at increasing concentration of
ATP from 1 to 100 uM derived from t as shown in (C) are plotted for BM-I1. ATP concentration
dependence of the detachment rate follows the Michaelis—Menten kinetics and thus fitted with the
function, v = VimaxX*x/(Km+x). Maximum detachment rate (Vmax Or Kcat) and ATP concentration at %2
Vimax, i.€., Km was derived, R? = 0.97. (E) ATP concentration dependence of the AM detachment
rate (1/1) as a function of ATP concentration are compared for BM-I1, SoIM-11 and PsoM-II. Inset
shows the clear kinetic difference observed at lower ATP concentrations among the three-myosin
forms. Rates for BM-I11 and SolM-I1 fitted with Michaelis—Menten function, and for PsoM-I1, with

linear regression. For PsoM-I1, KT from linear regression was 3.96 + 0.31 pM™ s; for BM-I1, Keat
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=88.16 + 10 s, Km = 47.6 + 11 uM, for SolM-II, kcat =29.3 + 1.5s 1, Km=31.6 + 3.7 uM. F)
Scatter plot depicts the time constants determined from measurements at 10 uM ATP from
individual molecules for SolM-I1 (N = 30) and BM-I1I (N = 35), and are significantly different P<
0.0001 (two tailed t-test). The error bars are average + standard error of mean (SEM).

Altogether, 231 individual BM-Il1 molecules and 36000 AM binding events were identified and
analyzed. At 1 uM ATP, N =59, n = 8211; 5 uM ATP, N = 18, n = 3219; 10 uM ATP, N = 48, n
=7240; 15 uM ATP, N =21, n = 2699; at 20 uM ATP, N =22, n = 3893; 30 uM ATP, N =10, n
=1050; at 50 uM ATP, N =63, n =5375; 80 uM ATP, N = 14, n = 4659; at 100 uM ATP, N = 15,
n = 1381. The single-molecule experiments were performed with myosins from at least three
separate BM-II preparations. Note that lifetime measurements at 50, 80 and 100 uM ATP were
possible with the fast triangular wave of 600 Hz on one of the beads so that the binding events are
discernible. For SolM-II, 10 uM ATP N = 30, n = 4344; 20 uM ATP N =53, n = 7336; 50 uM
ATP, N = 16, n = 1651; 100 uM ATP, N = 40, n = 4937; 500 uM ATP, N = 40, n = 2099. For
PsoM-Il, in total 30 individual myosin molecules were measured for 1, 5, 10, and 20 uM ATP
conditions. N = number of individual myosin molecules and n = number of AM association events.
The event lifetimes for BM-11 and SolM-11 were compared between different ATP concentrations
using the nonparametric Mann—Whitney U test, which yielded the statistical differences in ton with
P <0.0001.

Figure 3. Powerstroke size of B- cardiac myosin. A and B) The histogram with displacement
events measured at 5 uM ATP for MII and at 10 uM ATP for SolM-I1. The average stroke size
was estimated by using shift-of-histogram method (68). Least-squares fitting of event distribution
with Gaussian function yields average powerstroke, 6 = 5.32 £ 0.16 nm and 6 £ 0.19 nm for M-
I and SolM-II, respectively. B -D) Ensemble averaging of the individual AM association events.
The beginning and the end of the several individual AM binding events were synchronized and
fitted with single exponential functions to estimate the substeps. The beginning is shown as a
forward fit (red points) and the end (green points) as a backward fit. Average stroke size (5), and
displacement size corresponding to the 1%t and 2" stroke is indicated as 51 and &2, respectively. K3
- reaction rate for the ADP dissociation and K> - ATP induced AM dissociation at respective ATP
concentration. K, =4 St and 10.2 St at 1 and 5 uM ATP, respectively. For 1 uyM ATP, N = 16, n
=987; for 5 uM ATP, N =7, n =500. For SolM-I1I at 10 pM ATP, N = 11, n = 520. N = Number
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of molecule, n = number of events. Important to note that for ensemble averaging, the AM
attachment events with a lifetime of minimum 0.05 s or longer were selected. The method is
described in detail in Veigel et al.(24) and Blackwell et al. (25)

Figure 4. Stiffness of B- cardiac myosin measured at high and low ATP concentrations.

(A) Scatter plot with mean and SEM shows the stiffness measured for 3-myosin and at 1 and 50
MM ATP concentrations. Each data point displays the stiffness measured from an individual
molecule. B-myosin at 1 uM ATP (N =54) and 50 uM ATP (N = 59) with the average stiffness of
1.83 £ 0.09 pN/nm vs 0.88 = 0.08 pN/nm, respectively, with P < 0.0001, revealing highly
significant difference. (B) Scatter plot shows stiffness at 10 uM and 500 uM ATP for SolM-II. For
SolM-II at 10 uM ATP (N = 30) and 500 uM ATP (N = 37), P < 0.0001. Rigor stiffness between
the B-myosin (at 1 uM ATP) and SolM-II (at 10 uM ATP) was not significantly different, P = 0.66.
Independent sample t test was used to calculate the statistical significance. C) The AM cross-bridge
stiffness measured in the presence of pyrophosphate (PPi). The stiffness for three different PPi
conditions was comparable and not significantly different; P < 0.05 with Bonferroni’s multiple
comparison test. 200 uM PPi; N =7, n= 576, 500 uM PPi; N = 11, n=831; 500 uM PPi+100 mM
KCI; N =6, n=716. N = number of individual motor molecules, n= number of binding events.

Figure 5. Stiffness vs average lifetimes of AM-bound states. For individual molecules, the
interaction events were analyzed for time constants (t) and the cross-bridge stiffness. t is plotted
against the measured stiffness for each molecule to check if there is any correlation between the
average duration of interaction and measured stiffness. The lifetimes and stiffness measured for
individual molecule are compared for the AM interaction events collected at 10 uM ATP. M-I,
N =34 and SolM-II - N= 30.
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