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Abstract

One of the sarcomeric mutations associated with a malignant phenotype of Familial Hypertrophic
Cardiomyopathy (FHC) is the D166V point mutation in the ventricular myosin regulatory light chain
(RLC) encoded by the MYL2 gene. In this report we show that the rates of myosin cross-bridge
attachment and dissociation are significantly different in isometrically contracting cardiac myofibrils
from right ventricles of transgenic (Tg)-D166V and Tg-WT mice. We have derived the myosin cross-
bridge kinetic rates by tracking the orientation of a fluorescently labeled single actin molecule.
Orientation (measured by polarized fluorescence) oscillated between two states, corresponding to
the actin-bound and actin-free states of the myosin cross-bridge. The rate of cross-bridge attachment
during isometric contraction decreased from 3 s~1 in myofibrils from Tg-WT to1.4 s1 in myofibrils
from Tg-D166V. The rate of detachment decreased from 1.3 s™1 (Tg-WT) to 1.2 s71 (Tg-D166V).
We also showed that the level of RLC phosphorylation was largely decreased in Tg-D166V
myofibrils compared to Tg-WT. Our findings suggest that alterations in the myosin cross-bridge
kinetics brought about by the D166V mutation in RLC might be responsible for the compromised
function of the mutated hearts and lead to their inability to efficiently pump blood.
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1. Introduction

Familial hypertrophic cardiomyopathy (FHC) is an autosomal dominant disease characterized
by ventricular hypertrophy, myofibrillar disarray and sudden cardiac death (SCD) [1]. FHC
originates from mutations in genes that encode for the major contractile proteins of the heart,
including the ventricular myosin regulatory light chain (RLC) [2-8]. Depending on the affected
gene and the site of the mutation, FHC outcomes vary with regards to severity and extent of
myocardial disarray, often leading to SCD at a young age [9,10]. Clinical studies have revealed
that the D166V mutation in the myosin RLC is associated with a malignant FHC disease
phenotype [6]. Our previous studies on skinned cardiac muscle fibers from transgenic (Tg)
mice expressing the D166V mutation of RLC revealed that compared to the wild type (WT)
the D166V mutant fibers led to increased Ca2* sensitivity of contractile force, decreased
maximal ATPase and force [11]. However, gross isometric force is the time average of trillions
of individual impulses that myosin heads deliver to thin filaments [12]. In this study we
attempted to derive the information on the effect of the D166V RLC mutation at the level of
a single molecule during the steady-state contraction of heart muscle. Previous studies showed
that it is possible to recover kinetic information by subjecting muscle to rapid transients in load
[13], length [14] or ATP concentration [15]. However, transient methods disrupt equilibrium
and report on Kinetics of a large ensemble.

A valuable method of obtaining steady-state kinetic information is to observe stochastic
fluctuations in a signal [16—19]. The size of fluctuations varies inversely with the number of
observed molecules [16]. Kinetic information can be extracted from fluctuations when a few
molecules contribute to the signal and stochastic fluctuations become important (mesoscopic
regime, [20]). The extreme case is when a single molecule is observed. This is the Single
Molecule Detection limit (SMD) where the fluctuations are the largest. The significant
advantage of this method is that the information about molecules is obtained during steady-
state. The recent advances in fluorescence technology and in single molecule detection [21-
24] made SMD possible in vitro. In application to muscle proteins, Warshaw and collaborators
measured the orientation of a single molecule of smooth myosin 11 [25,26] and Goldman &
Selvin and collaborators measured the orientation of a single molecule of myosin V [27-29].
The disadvantage of the method is that it is technically challenging to observe one molecule
among a large assembly. Itis particularly difficult in muscle where the concentration of proteins
is large [30] and consequently autofluorescence is significant. Nevertheless, SMD experiments
in muscle tissue are crucially important, because they avoid problems associated with a high
degree of organization of heart muscle. They also avoid problems associated with excluded
volume effects caused by a fact that at high concentrations the access to proteins may be limited
to only small solvents. As a result, proteins in certain regions of a muscle cell may become
over hydrated and behave differently than isolated proteins that are normally hydrated [31,
32]. In this paper we report measurements of steady-state kinetics of WT and D166V mutated
heart muscle.

It was anticipated that the most sensitive method of registering differences between the WT
and D166V molecules would be the orientation of a single molecule of actin or myosin. A
standard way to obtain this information is to measure anisotropy or polarization of fluorescence
[33-37]. For SMD measurements it is preferable to observe actin rather than myosin. Observing
actin after labeling with phalloidin has essential advantages in that: 1. Most importantly, it
preserves the regular structure of a myofibril, unlike the less mild labeling of myosin that
requires the fluorescence labeled light chains to be exchanged at 37°C. 2. It does not alter
enzymatic properties of muscle [38,39]. 3. Labeling is stoichiometric and allows strict control
of the degree of labeling. Such control is impossible with myosin [40]. 4. Phalloidin attaches
to actin noncovalently but strongly. Non-covalent binding is preferable in the case where
orientation of a dipole moment of a probe is measured: the attachment is rigid (see
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Supplementary Material Fig. 1S) because it involves attachment over large surfaces through
electrostatic and hydrogen bonds. To determine the rate of cross-bridge cycling in cardiac
muscle, we have therefore measured anisotropy of a single molecule of actin during contraction
in cardiac myofibrils.

We report that compared to WT, the D166V mutation decreased the rate of cross-bridge
attachment and detachment during isometric contraction. The attachment rate decreased from
3 sec™1 measured in myofibrils from right ventricle of Tg-WT mice to1.4 sec™! determined in
Tg-D166V mice. The rate of detachment decreased from 1.3 sec™? (Tg-WT) to 1.2 sec ™1 (Tg-
D166V). The D166V induced changes in cross-bridge kinetics could be due to dramatically
decreased phosphorylation of RLC observed in Tg-D166V myofibrils compared to Tg-WT
myofibrils. Our findings suggest that the slower myosin cross-bridge kinetics observed in Tg-
D166V myofibrils is responsible for the altered function of the D166V mutated hearts
compromising their ability to efficiently pump blood.

2. Materials and methods

Chemicals and solutions

Muscle

Alexa488-phalloidin (AP) and rhodamine-phalloidin (RP) were from Molecular Probes
(Eugene, OR). All other chemicals including 1-ethyl-3-(3'-dimethylaminopropyl)
carbodiimide (EDC), phosphocreatine, creatine kinase, glucose oxidase, catalase and ATP
were from Sigma (St Louis, MO). EDTA-rigor solution contained 50 mM KCI, 2 mM EDTA,
1 mM DTT, 10 mM Tris-HCI buffer pH 7.5. Ca2*-rigor solution contained 50 mM KCI, 4 mM
MgCl,, 0.1 mM CaCl?, 1 mM DTT, 10 mM Tris-HCl buffer pH 7.5. Mg2*-rigor solution
contained 50 mM KCI, 4 mM MgCl,, 1 mM DTT, 10 mM Tris-HCI buffer pH 7.5. Contracting
solution was prepared by adding 5 mMMATP to CaZ*-rigor solution.

After euthanasia, the hearts from 6-7 month old Tg-D166V and Tg-WT mice were quickly
removed and rinsed briefly (no more than 30 sec) with ice-cold 0.9% NaCl. Muscle strips from
left and right ventricles and papillary muscles were dissected at 4°C in a cold room in ice-cold
pCa 8 solution (1078 M [Ca2*], ImM [Mg2*], 7mM EGTA, 2.5 mM [MgATPZ*], 20 mM
MOPS, pH 7.0, 15 mM creatine phosphate, ionic strength = 150 mM adjusted with potassium
propionate) containing 30 mM BDM and 15% glycerol [41,42]. After dissection, muscle strips
were transferred to pCa 8 solution mixed with 50% glycerol and incubated for 1 hr oniice. Then
the muscle strips were transferred to fresh pCa 8 solution mixed with 50% glycerol and
containing 1% Triton X-100 for 24 hr at 4°C. Muscle strips were finally transferred to a fresh
batch of pCa 8 solution mixed 1:1 with glycerol and kept at —20°C until used for the preparation
of myofibrils [41,42].

Preparation of cardiac myofibrils

Myofibrils from Tg-WT and Tg-D166V mouse right ventricles were prepared from
glycerinated fiber bundles stored at —20°C in glycerinating solution as described in Mettikolla
et al. [41]. Myofibrils were always freshly prepared for each experiment. Labeled myofibrils
(25 pl) were applied to a 25x60 mm #1 coverslip (Corning, Corning, NY). The coverslips were
coated with Poly L-lysine to assure that myofibrils adhere well to the glass. Coverslips were
first washed with 1M HCI 3-4 times. They were then thoroughly rinsed to remove any residual
remains of the acid. The coverslips were incubated with Poly-L-lysine solution (Sigma 0.1%)
for 2 h or overnight, and rinsed thoroughly with water. They were left to air dry before use.
The sample was placed on the coverslip for 3 min to allow the myofibrils to adhere to the glass.
The 2560 mm cover slip was covered with a small (25%25 mm) coverslip and myofibrils were
labeled as described below.
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Determination of RLC phosphorylation in cardiac myofibrils

Myofibrils from right ventricles of transgenic WT and D166V mouse hearts were examined
for the level of RLC phosphorylation using Western blotting. About 10 pg of myofibrils from
each group were loaded onto 15% SDS-PAGE allowing the separation of myofilament
proteins. The level of myosin RLC phosphorylation was determined with a human +P- RLC
antibody (a generous gift from Dr. Neal Epstein, NIH) used in 1:2000 dilution, followed by a
secondary antibody conjugated with the fluorescence dye, Cy 5.5 [11]. To verify loading
conditions, the myosin essential light chain (ELC) was detected using an ELC-specific
monoclonal antibody (MAB150 1:4000; Accurate Chemical and Scientific Corp., Westbury,
NY, USA). Scanning densitometry of the immunoblots was performed with an Odyssey
Infrared Imaging System (LI-COR Inc) and the band intensity was determined using the
Odyssey v1.2 software. The degree of RLC phosphorylation in Tg-D166V myofibrils was
calculated as % of +P-RLC determined in Tg-WT myofibrils. Both bands of +P-D166V and
+P-WT were corrected for loading using the optical density of the band immunostained with
the anti-ELC monoclonal antibody.

Preventing shortening of contracting muscle

Labeling

Our task was to compare the fluorescence anisotropy of actin in Tg-WT and Tg-D166V
myofibrils during rigor and contraction. There is no difficulty in measuring lifetime of rigor
myofibrils. However, it is impossible to do so during contraction, because myofibrils shorten.
Myofibrils often shorten in relaxing solution as well, due to the damage to troponin or
tropomyosin, which become ineffective in preventing contraction even in the absence of
Ca?*. To measure anisotropy of contracting muscle, it was therefore necessary to prevent
myofibrils from shortening. This was done by cross-linking with water-soluble cross-linker
EDC [43]. Myofibrils (1 mg/ml) were incubated with 20 mM EDC for 20 min at room
temperature. The reaction was stopped by adding 20 mM DTT. The lack of shortening was
checked under differential contrast [44]. It has been shown that cross-linked myofibrils are a
good in vitro model for muscle fiber ATPase and the kinetics of Ca2*-activated activity [43].
The large P; bursts and k¢4 Values were also the same in cross-linked myofibrils and muscle
fibers [43]. Those results were confirmed by Lionne et al. [45]. ATPase was measured by
Malachite Green kit (AnaSpec, San Jose, CA).

1 mg/ml myofibrils were mixed rapidly (in a VVortexer) with 0.1 nM rhodamine-phalloidin (RP)
+ 10 uM unlabeled-phalloidin (UP) in Ca2*-rigor solution. Large excess of unlabeled
phalloidin was necessary to assure that only 1 in 100,000 actin monomers were labeled and
that labeling was uniform, i.e. that myofibrils closest to the pipette tip were not labeled more
than distant myofibrils. After application to a coated coverslip, myofibrils were washed with
5 volumes of the Ca2*-rigor solution by applying the solution to the one end of the experimental
chamber and absorbing with #1 filter paper at the other end [41].

Rotation of rhodamine-phalloidin on F-actin

For the quantitative measurement of orientation, it is important to know whether the probe is
immobilized by the protein so that the transition dipole of the fluorophore reflects the
orientation of the protein. Fig. 1S of Supplementary Material shows that this is the case for
RP-labeled thin filaments.

Anisotropy measurements

The experiments were done using 1SS-Alba-FCS (ISS Co, Urbana, IL) confocal systems
coupled to Olympus IX 71 microscope. The excitation was by a 532 nm CW laser. Confocal
pinhole was 50 um. Orthogonally linearly polarized analyzers were placed before Avalanche
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PhotoDiodes (APD's). The direction of the linear polarization of the laser was vertical on the
microscope stage. The myofibrils were always placed with the axis pointing horizontally on
the microscope stage. Channel 1 and 2 measured the polarized intensities oriented parallel and
perpendicular to the myofibrillar axis, respectively.

Data analysis

Fluorescence was collected every 10 ps. The signal was averaged by binning 1000 data points
together, i.e. the final frequency response was 100 Hz. The smoothened signal was fitted to an
exponential that was subsequently subtracted from the averaged signal. From this the
autocorrelation function was calculated. The autocorrelation function was fitted to a train of
triangular waves by a least squares fit, i.e. it was assumed that the “hidden signal” to look for
was a rectangular wave. The programming and calculations were done in Matlab. The
autocorrelation functions were determined by calculating Fast Fourier Transform of the signal
padded with an equal number of zeros in order to exclude the last points from the signal to
correlate with the first, squaring the absolute magnitude of the resulting frequency domain
signal and calculating reverse Fast Fourier Transform. Thus, Fourier Transform was calculated
twice, a much faster routine than computing autocorrelation function directly from the signal
by calculating the sum of the products of a signal with itself shifted by a delay time.

Lifetime measurements

3. Results

Imaging

Images were obtained using a MicroTime 200 instrument (PicoQuant, GmbH, Berlin,
Germany) coupled to an Olympus IX71 microscope. Fluorescence lifetimes were measured
with the same instrument by the time-domain technique. Excitation was achieved using a 470-
nm pulsed laser diode, and the observation was made through a 590-nm long wave pass filter.
FWHM of pulse response function was 68 psec (measured by PicoQuant, Inc.) while the time
resolution was better than 10 psec. The intensity decays were analyzed in terms of a multi-
exponential model using SymPhoTime v. 4.3 software (PicoQuant, Inc.). The intensity average
lifetime was calculated as 7 Z;ffT" where f;=;%* and o is the fractional contribution of the

XiaiT

i-th lifetime, ;. The amplitude average lifetime was calculated as {7) Zzi(liﬂ. The lifetimes
of free and bound RP in water and glycerol were measured with/in a FluoTime 200 fluorometer
(PicoQuant Inc) equipped with a microchannel plate (MCP) and 470 nm pulsed laser diode (76
psec half-width). This instrument provides an exceptional resolution in the sub-nanosecond
range [46].

Fig. 1A-C shows a typical lifetime image of a rigor Tg-WT myofibril from the right ventricle
of the mouse heart labeled with Alexa488-phalloidin. The images clearly show that in cardiac
muscle the entire I-bands are labeled. In contrast, phalloidin labels only the overlap zone of
the sarcomere in skeletal muscle [47]. This is because the binding of phalloidin in skeletal
muscle is regulated by nebulin [48], and no nebulin is present in cardiac muscle. The Z-lines
are heavily stained because they contain a high concentration of actin, and there is no
fluorescence from the H-bands because they contain no actin. The orthogonal polarization
images show that the fluorescence is highly anisotropic (Fig. 1E,F) [49] as it is expected from
the aligned array of polar actin filaments. Fig. 1G shows the time trace of the polarized
fluorescence intensity in the parallel channel. The intensity suddenly dropped at ~2 sec from
the rate of ~3 to ~1 counts/msec -- the level of the background in rigor muscle. This behavior
is characteristic of single molecule bleaching. Since we work in a saturated regime, where
increasing laser power does not lead to an increase in the number of photons emitted by
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fluorophores and the quantum yield and absorption coefficient at 470 nm of Alexa488 are
comparable to rhodamine-phalloidin at 532 nm, we conclude that a single chromophore in our
instrument gives rise to a fluorescent rate of ~2,000—4,000 photons/s per channel. We therefore
believe that the signal originates from a single molecule of actin.

WT Myofibrils

The fluorescence intensity was measured by positioning the laser beam at the center of the I-
band. The laser beam was not scanned. After opening the laser shutter the fluorescence intensity
was initially high (~50 counts/msec). It decayed after several seconds to a steady state value
of ~2-4K photons/sec. Fig. 2 (left panels) show a typical intensity of polarized fluorescence
data collected from the WT right ventricular myofibrils during 20 seconds of contraction (A)
and in rigor (B). Intensity of polarized fluorescence (either parallel or perpendicular) was taken
as a signal for analysis (anisotropy, being a ratio of two noisy signals, was too difficult to
process). Rigor data was taken as a negative control to prove that the cycling cross-bridges are
the source of signal fluctuations. Myofibrils were cross-linked to avoid shortening. The
fluorescence was due to a single fluorophore in the detection volume (because the rate of
fluorescence from a single rhodamine molecule in myofibrils was ~2—-4K photons/s, Fig. 1G).
Right panels of Fig. 2 show distribution of photon counts for each orthogonal intensity.

In principle, when a single molecule is observed, it should be possible to distinguish the
individual impulses by inspection of the intensity traces such as shown in Fig. 2A. However,
while differences between contracting and rigor myofibril traces are readily visible, it is
impossible to distinguish individual impulses and extract kinetic information from the data of
contracting myofibrils. The signal is simply too noisy. Nevertheless, even if our estimation is
wrong and the signal originates from more than one molecule, kinetic information can still be
extracted from stochastic fluctuations by computing a correlation function of the fluctuations.
This greatly decreases noise in the signal. The relationship between the correlation function
and the signal is illustrated schematically in Fig. 2S. The correlation function at a given delay
time t is a sum of the products of a signal multiplied by a signal shifted by a delay time . If
the signal is periodic, the autocorrelation function will also be periodic with the same
periodicity as the original signal. At the same time the autocorrelation of noise is zero, because
there is no correlation between value at a given time and its value any time later. The
autocorrelation function of the intensity of parallel polarized signal from Tg-WT heart ventricle
during contraction (chl of Fig. 2A) is shown in Fig. 3A. The autocorrelation function
corresponding to the signal from Tg-WT heart ventricle in rigor (ch2 of Fig. 2B) is shown in
Fig. 3B. An equivalent way to display kinetic properties is as a histogram of power contained
in the signal at each sampled frequency (Power Spectrum). A Power Spectrum is a Fourier
Transform of the correlation function (Fig. 2S). The right panels of Fig. 3 show the Power
Spectra of the contracting (top) and rigor (bottom) myofibril of Fig. 2A. The spectra show that
the signal contains high frequency components. This reflects the fact that each peak of a
correlation function is composed of several harmonic “sub-peaks” (see below).

D166V-Mutated Myofibrils

Fig. 4 shows a typical intensity trace during 20 seconds of data collection from a single molecule
of the D166V mutated heart ventricular myofibrils. Fig. 3S of Supplementary Material is the
plot of distribution of photon counts of each orthogonal intensity. Like the data acquired for
Tg-WT muscle, the kinetics of Tg-D166V cannot be distinguished from these plots and require
the computation of the autocorrelation function. The autocorrelation functions of the signal
from contracting Tg-D166V heart myofibrils and rigor Tg-D166V myofibrils are shown at
right. Fig. 5 illustrates how the kinetic constants ta 1 &ty and ton ! & topr * were extracted
from this data. The data was fit to the “big” and “small” triangles (indicated by the red and
green lines, respectively). Big (red) triangles reflect overall periodicity of the signal. The first

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Muthu et al.

Page 7

(negative) slope of the red triangles (the time for the correlation function to decay from the
value at time 0 to the first negative inflection) defines the time ta when cross-bridges are able
to reach an actin monomer under observation. This is because signal which corresponds to this
part of the red autocorrelation function has a high value (Fig. 5B). Horizontal parts of the red
correlation function plus the time to climb from the end of horizontal part of the autocorrelation
function to the second peak defines the time ty when cross-bridges are unable to reach an actin
monomer under observation. This is because signal which corresponds to this part of the red
autocorrelation has a low value. During ty the cross-bridges may be unable to reach actin
because they have a restricted access or because their axial position does not allow the power
stroke to take place. It is interesting to note that the myosin heads gain access to the actin
monomers in bursts. Small (green) triangles reflect local periodicity of the signal. The first
(negative) slope of the green triangles (the time for the correlation function to decay from the
value at time O to the first negative inflection) defines the time ton When a cross-bridge is
attached to an actin monomer under observation. This is because signal which corresponds to
this part of the green autocorrelation function has a high value (Fig. 5B). Horizontal parts of
the green correlation function plus the time to climb from the end of horizontal part of the
autocorrelation function to the second peak defines the time torr When the cross-bridges are
detached from actin monomers under observation. This is because the signal corresponding to
this part of the green autocorrelation function has a low value. Time top + topr probably reflects
the cycling of myosin cross-bridges associated with ATP turnover. The frequency of this
process was 1 Hz and 1.5 Hz for WT and D166V myofibrils, respectively. The values of ta &
ty and ton & torr, obtained for 45 WT myofibrils and 57 D166V myofibrils, are compared in
Fig. 6 and 7 and summarized in Table 1. The differences between the times were highly
statistically significant (e.g. t=45.2, P<<0.005 for ta) and t=91.1, P<<0.005 for t). The results
show that for Tg-WT mice the OFF time was approximately twice as long as the ON time,
suggesting that the duty ratio, defined as the fraction of a total cycle time that a cross-bridge
remains attached to actin ¥ = ton /(ton+torg) in isometrically working WT heart was ~30%.
For Tg-D166V mice the OFF and ON times were approximately the same, suggesting the duty
ratio in isometrically working D166V mutated heart was ~50%.

Phosphorylation of RLC in WT and D166V-mutated myofibrils

The level of RLC phosphorylation in all myofibrils from right ventricles of transgenic D166V
and WT animals was assessed with a human phospho-RLC antibody generously provided by
Dr. Neal Epstein, NIH. Fig. 8 demonstrates the effect of the D166V mutation on the
phosphorylation status of the RLC in myofibrils blotted with +P-human RLC antibodies,
specific for the phosphorylated form of the human ventricular RLC [50]. Since both Tg-WT
and Tg-D166V mice express similar amounts of the human RLC protein [11], the RLC
phosphorylation level in Tg-WT and Tg-D166V myofibrils could be directly compared. In
agreement with our recent study [11], the D166V mutation showed dramatically reduced
phosphorylation of RLC in D166V myofibrils, yielding ~ 1.3+£0.4 % (n=2) of phosphorylation
observed in WT myofibrils (Fig. 8). The intensity of phosphorylated RLC bands in Tg-D166V
and Tg-WT myofibrils were corrected for loading using an ELC (myosin essential light chain)-
specific monoclonal antibody (MAB150) recognizing the total ELC protein in both types of
myofibrils (Fig. 8).

4. Discussion

The main result of this study is that the kinetics of myosin cross-bridges in the D166V mutated
cardiac myofibrils are significantly different than that measured in WT myofibrils. The

observed differences do not depend on whether one monitors ta-ty or ton-toeg. Similarly, the
duty ratio of cross-bridges in WT is different from that in D166V myofibrils and the average
value of the duty cycle in the isometrically contracting myofibrils from Tg-WT and Tg-D166V
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mice was 30% and 50%, respectively. The difference is statistically significant (P<0.05). We
reached these conclusions by using fluorescence anisotropy to compare the kinetics of binding
of myosin cross-bridges to actin. Kinetics was measured by following the intensity of polarized
fluorescence of a single molecule of actin in myofibrils prepared from Tg-WT and Tg-D166V
hearts. Not surprisingly, the signals were quite noisy because they originated from a single
molecule among 200,000 present in HS. To reduce the noise, we have analyzed the correlation
function of the signal. Kinetic parameters were extracted from the correlation function by fitting
it to a piecewise linear train of triangles. Such a train of triangles is the correlation function of
a train of the rectangular waves. Train of rectangular waves is the simplest time course of
anisotropy change that occurs during muscle contraction. While this scheme is an
oversimplification of the actual events [51], there is no doubt that it correctly represents the
main events during a contractile cycle, i.e. the binding and dissociation events of a myosin
cross-bridge. Intensity of either polarized fluorescence component is high when it is
immobilized by binding to myosin and low when it is free (detached) from myosin [52]. Myosin
cross-bridges carrying the products of hydrolysis of ATP bind strongly to actin leading to their
immobilization and high anisotropy. Cross-bridge binding probably prevents undulation of the
whole filament [53,54] rather than preventing rotation of the actin monomer (Fig. 9A).
Dissociation of Pi leads to force generation followed by the dissociation of ADP and the rigor
conformation. The attached state ends when the myosin cross-bridge binds a new molecule of
ATP. The strongly attached state lasts toyn Seconds. The cross-bridge detachment results in a
rapid flutter of F-actin segment to which the cross-bridge was bound and leads to a low
anisotropy. This state lasts torr Seconds. This simplified scheme and associated autocorrelation
function are shown in Fig. 9B and 9C. The average cycle times determined in the present work
for Tg-WT and Tg-D166V myofibrils, tc=ton + torr, were longer than the rates of cross-bridge
dissociation (g) determined from the maximal ATPase activity/concentration of cross-bridges
attached at all levels of force activation in skinned papillary muscle fibers from Tg-WT and
Tg-D166V mice [11]. This is most likely caused by the fact that the fiber ATPase is not
equivalent to changes in the orientation of rhodamine-phalloidin (RP)-actin protomer. The
former reflects a gross phenomenon, while the SMD polarization measurements report on a
local orientation change. It is possible that not every hydrolysis event leads to a change in RP-
actin orientation as the hydrolysis by a distant cross-bridge may not be sensed by the actin
molecule under observation (because only 1 in 100,000 actin monomers are labeled). The fact
that the nearest cross-bridge on the same actin filament is 38.5 nm away suggests that the signal
may not be transmitted over such a distance, consistent with the view that signal propagates
only over a few actin monomers [55]. Alternatively, the EDC-crosslinked myofibrils may
represent an extreme case of isometric conditions in which no filament or inter-filament
compliance is possible at all, analogous to “infinite” load. Such conditions might not be
possible to be reproduced in fiber experiments where even very strict length clamping might
still allow some compliance at microscopic level, which may accelerate cross-bridge kinetics.

An interesting feature is that the signal is comprised of two periodic processes. The first, a slow
process, probably reflects the overall ability of a cross-bridge to bind to actin. The characteristic
time of this process was 3.4 seconds in WT myofibrils and 8.3 seconds in D166V. A surprising
fact was that cross-bridges seem to bind to actin in bursts. There are periods during which no
binding occurs: During t the cross-bridges may not be able to reach actin because of the
restricted access or because their axial position does not allow power stroke to take place. The
second, a fast process, most likely reflects a normal cross-bridge cycling and occurs during
ta a normal cross-bridge - actin interaction).

Implications for heart studies

There are certain advantages in studying the FHC-linked disease in the human heart by
observing a response from a single molecule. In the transgenic mouse myocardium the D166V
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mutated human ventricular RLC replaces the endogenous mouse ventricular RLC in ~ 95% of
cases. The probability of finding a “healthy” cross-bridge in Tg-D166V sample was therefore
quite small (in fact only 5 experiments out of 62 performed on Tg-D166V preparations gave
equivocal results). On the other hand, human patients are normally heterozygous for FHC
disease and 50% of their myosin-containing thick filaments are composed of the non-mutant
myosin heads interspersed with the FHC mutant heads. We could therefore anticipate that the
probability of D166V-mediated cross-bridge Kinetics vs. WT in experiments performed on the
heart biopsies from the patients carrying the D166V mutation would be 50:50. If the distribution
of the healthy and diseased molecules is random, any collection containing more than one
molecule carries high probability of containing a mixture of the healthy and diseased species.
Therefore, averaging would prevent one from knowing whether a particular heart is affected
by the disease. How do we know that the SMD condition is met in our experiments? First, it
can be seen that the intensity of the observed signal is similar to the intensity of a signal from
asingle chromophore such as shown in Fig. 2G. Second, based on the known ratio of phalloidin
to actin, it is possible to calculate theoretically the number of detected chromophores: the
length, width and height of a typical HS are 1, 1, and 0.5 um, respectively and its volume is
0.5 um3 =5 x 10716 L. Since the concentration of actin in muscle is 0.6 mM [30], this volume
contains ~200,000 actin monomers. The myofibril is labeled with 0.1 nM RP + 10 uM unlabeled
phalloidin, i.e. only one in 100,000 actin monomers carries fluorescent phalloidin. Therefore
there are ~ 2 fluorophores per HS. Since we detect only ~50% of the fluorescence signal from
a HS (the detection area is ~0.5 um? -- & times the square of the lateral resolution), it is
concluded that we detect fluorescence from approximately one chromophore.

On the other hand diagnosis in humans would be made easier by the fact that MYL2 gene
expression occurs both in the heart and in the slow skeletal muscle. The biopsies for diagnosis
could be therefore obtained from the soleus muscle of the D166V patients and tested in our
single molecule experiments. This could be advantageous not only because biopsied samples
are easy to obtain, but more importantly because of the regular sarcomere organization of the
skeletal vs. cardiac muscle myofibrils make the SMD experiments in skeletal muscle myofibrils
easier to perform.

Relation to fiber studies

Our results show significant increases in ton (=1/9) and topg (=1/f) in cardiac myofibrils
carrying the D166V mutation in RLC compared with WT myofibrils. The slower cross-bridge
kinetics of D166V myofibrils determined in this study are in agreement with our cellular
findings obtained in skinned and intact papillary muscle fibers from Tg-D166V compared with
Tg-WT mice [11]. Kerrick et al. [11] showed that the D166V mutation dramatically decreased
0, the rate of cross-bridge dissociation that resulted in a slower muscle relaxation manifested
by delayed force transients in electrically stimulated Tg-D166V intact papillary muscles
compared to Tg-WT muscles. Changes in muscle relaxation as observed in the previous and
current studies are indicative of diastolic dysfunction and most likely underlie the malignant
phenotype observed in patients carrying the D166V mutation in RLC [6]. In addition, as we
predicted in Kerrick et al. [11] and measured in the current work, the rate of cross-bridge
formation (f) was also decreased by the D166V mutation. Changes in f are anticipated to result
in potential systolic dysfunction of the D166V hearts. Interestingly, the D166V substitution
resulted in a decreased level of RLC phosphorylation measured in rapidly frozen ventricular
samples from Tg-D166V mice in our previous study [11], and also in D166V myofibrils
prepared from right ventricles of transgenic hearts used in this single molecule investigation
(Fig. 8). Therefore, the slower kinetics of D166V myosin cross-bridges could be the result of
a mutation-mediated decrease in myosin RLC phosphorylation. There is a large body of
evidence demonstrating that in striated muscles myosin RLC phosphorylation increases force
and accelerates contraction (reviewed in [56] Not surprisingly, our results in skinned Tg-
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D166V fibers show a D166V induced decrease in maximal force [11] and both the previous
and current experiments with D166V heart preparations show a mutation dependent decrease
in myosin cross-bridge kinetics. In the heart, myosin RLC phosphorylation has been shown to
be important for the stretch activation response [50]. Modulation of stretch activation through
RLC phosphorylation could have important consequences to normal cardiac physiology. As
was suggested by a recent study from Stull's group, myosin RLC phosphorylation may prevent
a pathophysiological response of the heart (e.g. to FHC mutation) by contributing to enhanced
contractile performance and efficiency [57. Taken together, our studies suggest that the D166V
mutation may lead to diastolic and systolic dysfunction through slower cross-bridge kinetics
that in part could be caused by a decreased phosphorylation of the D166V hearts that in the
long term might ultimately result in a compensatory hypertrophy and sudden cardiac death as
observed in the individuals harboring the D166V mutation in RLC [6].
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Acknowledgments

Appendix

The authors thank Jingsheng Liang (Univ. of Miami, Miller School of Medicine) for the preparation of glycerinated
skinned ventricular muscle fibers from Tg-WT and Tg-D166V mice. This work was supported by the NIH grants:
RO01AR048622 (to J.B.), RO1HL071778 (to D.S-C.), ROIHL090786 (to J.B. and D.S-C.) and by Texas ETF grant
(CCFT). R.L. is the recipient of the Research Mobility program from the Polish Ministry of Science and Higher
Education.

See Supplementary data

Glossary
FHC Familial Hypertrophic Cardiomyopathy
RLC Regulatory Light Chain of Myosin
SCD Sudden Cardiac Death
SMD Single Molecule Detection
b Y Duty Cycle
Tg-WT Transgenic Wild Type
Tg-D166V Transgenic D166V RLC Mutant
T Average fluorescence lifetime of actin
HS Half-Sarcomere
RP Rhodamine-phalloidin
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Fig. 1.

Lifetime (A, B, C) and polarization (D, E, F) images of rigor Tg-WT myofibril from the mouse
heart (right ventricle). The color bar at right of A represents the intensity scale, with red
corresponding to 6 nsec and blue to 2 nsec. The black and white bar at right of D, is the intensity
scale with white corresponding to 255 and black to zero. Red and blue arrows indicate direction
of polarization of excitation and fluorescent light, respectively. G: Sudden drop in total
intensity to the level of the background in rigor muscle — behavior characteristic of single
molecule bleaching. The intensity suddenly dropped at ~2sec. The rate of arrival of fluorescent
photons before bleaching was 2.4 photons/ms (see text). Data acquired with the PicoQuant
Micro Time 200 confocal lifetime microscope. Excitation with a 470 nm pulse of light,
emission through LP500 filter. Myofibrils labeled with 0.1 pM Alexa488-phalloidin.
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Fig. 2.

Comparison of the raw polarized fluorescence intensity signals of contracting (A) and rigor
(B) myofibril from Tg-WT heart. The original data was collected every 10 psec but 1000 points
are binned together to give 10 msec time resolution, i.e. the vertical scale is the number of
counts during 10 ms. Note that the scale in both panels is the same. Myofibrillar axis is
horizontal on the microscope stage. Laser polarization is vertical on the microscope stage. Chl
(red) and ch2 (blue) are the fluorescence intensities polarized perpendicular and parallel to the
myofibrillar axis, respectively. Right panels: Histogram of the intensity of vertical polarized
intensity component of contracting (top) and rigor (bottom) myofibril from the same
experiment on Tg-WT heart.
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Correlation function (left panels) and Power spectra (right panels) of the data from Fig. 2. A:
The correlation function of chl data from Fig. 2A ; B: ch2 data from Fig. 2B. Right panels:
the corresponding Power density spectra of contracting (top) and rigor (bottom) Tg-WT

myofibril.
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The time course of polarized intensity of contracting (A) and rigor (B) Tg-D166V myofibril
from right ventricle. Right panels show the corresponding autocorrelation functions.
Myofibrillar axis is horizontal on the microscope stage. Laser polarization is vertical on the
microscope stage. Ch1l (red) and ch2 (blue) are the fluorescence intensities polarized
perpendicular and parallel to the myofibrillar axis, respectively.
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Comparison of ta and ty from 45 contracting Tg-WT (A) and 57 Tg-D166V (B) heart
myofibrils.
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Fig. 7.

Comparison of tgn and topg from 45 contracting Tg-WT (A) and 57 Tg-D166V (B) heart

myofibrils.
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ELC (loading control)
RLC (phosphorylated form)

Fig. 8.

The effect of the D166V mutation on RLC phosphorylation in transgenic mouse ventricular
myofibrils blotted with +P-human RLC antibody recognizing phosphorylated human RLC
(transgenic). Lane 1, +P WT st, phosphorylated recombinant standard WT protein; lane 2, Tg-
WT RV, transgenic wild type myofibrils isolated from right ventricles of Tg-WT mice; lane
3, Tg-D166V RV, transgenic D166V mutant myofibrils isolated from right ventricles of Tg-
D166V mice; D166V st, non-phosphorylated recombinant human D166V standard protein.
Myosin essential light chain (ELC) served as a loading control and was detected with
monoclonal MAB150 antibody.
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Fig. 9.

The simplest scheme for generating anisotropy fluctuations in contracting myofibrils. A. Actin
becomes immobilized when a cross-bridge binds to it resulting in a well defined direction of
transition dipole (red arrow, left panel) and high anisotropy. Dipoles become disorganized
when a cross-bridge dissociates, leading to low anisotropy (multiple arrows, right panel). B.
A simple rectangular signal reflecting binding-dissociation of a cross-bridge. C.
Autocorrelation function of a rectangular signal showing duration (ton seconds) of strongly
attached state and detached (or weakly attached) state, lasting torr seconds.
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Accessible and Unaccessible times (ta and ty) and ON and OFF times of Tg-WT and Tg-D166V heart right

Table 1
ventricle.
Time\muscle | WT (45 experiments) | D166V (57 experiments)
ta (5) 0.7£0.1 2.540.2
ty (s) 2.7+0.2 5.8+0.2
ton (5) 0.3+0.04 0.7£0.1
tore () 0.7+0.05 0.8+0.04
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