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The Self-Assembly, Elasticity, and Dynamics of Cardiac Thin Filaments
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ABSTRACT Solutions of intact cardiac thin filaments were examined with transmission electron microscopy, dynamic light
scattering (DLS), and particle-tracking microrheology. The filaments self-assembled in solution with a bell-shaped distribution of
contour lengths that contained a population of filaments of much greater length than the in vivo sarcomere size (~1 um) due to
a one-dimensional annealing process. Dynamic semiflexible modes were found in DLS measurements at fast timescales (12.5 ns—
0.0001 s). The bending modulus of the fibers is found to be in the range 4.5-16 X 1072” Jm and is weakly dependent on calcium
concentration (with Ca®* = without Ca®*). Good quantitative agreement was found for the values of the fiber diameter calculated
from transmission electron microscopy and from the initial decay of DLS correlation functions: 9.9 nm and 9.7 nm with and without
Ca®", respectively. In contrast, at slower timescales and high polymer concentrations, microrheology indicates that the cardiac
filaments act as short rods in solution according to the predictions of the Doi-Edwards chopsticks model (viscosity, n ~ ¢, where
c is the polymer concentration). This differs from the semiflexible behavior of long synthetic actin filaments at comparable poly-
mer concentrations and timescales (elastic shear modulus, G' ~ ¢'*, tightly entangled) and is due to the relative ratio of the
contour lengths (~30). The scaling dependence of the elastic shear modulus on the frequency (w) for cardiac thin filaments is

G ~ %4 = 003

INTRODUCTION

Cardiac disease continues to be the predominant cause of
death in the western world. The specialized variety of striated
muscle found in heart tissue therefore requires detailed re-
search. In the sarcomere, thick (myosin) and thin (actin with
regulatory proteins) filaments are arranged in an interdigi-
tated hexagonal array. Myosin II motors walk along the thin
filaments in a nonprocessive manner (a substantial popula-
tion of attached molecules is required for the continuous
motion of a filament (1)) that provides the muscle with mo-
tility, and large parallelized arrays of the filaments allow
substantial forces to be created with a similar time response to
that of the individual molecular motors.

In both skeletal and cardiac muscle, contraction is regu-
lated by the intracellular Ca** concentration. The molecular
basis for Ca®" regulation was first established by Ebashi and
co-workers in the 1960s (2,3), when troponin and tropomyosin
were identified as the principal proteins for Ca®" regulation.
Troponin and tropomyosin are located along the polymerized
actin backbone in thin filaments, and striated muscle contains a
troponin/tropomyosin/actin molar ratio of 1:1:7. It is believed
that by binding to troponin, Ca®" induces an azimuthal shift of
tropomyosin around the filament axis. The mechanism and the
consequences of this process are still not fully understood, but
motion of the tropomyosin can provide a steric barrier for the
binding of the myosin heads (4). Thin filaments have been
shown to self-assemble in situ in striated muscle, allowing
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, which is thought to arise from flexural modes of the filaments.

passive tension to be reestablished in disrupted networks (5).
Thus, self-assembly processes are of direct significance to the
repair of damaged heart muscle.

Over the last 10 years, strong experimental evidence has
accumulated for the unique dynamic modes that occur in
semiflexible polymers, of which F-actin is a prime example
(6). A wide range of experimental techniques, including dy-
namic light scattering (DLS) (7,8), optical tweezers (9,10),
particle tracking (11), magnetic tweezers (12), and diffusing
wave spectroscopy (13), point to the existence of unique
* modes (¢ is time) in semiflexible polymers. It is now clear
that much of the older DLS literature on biopolymers needs
to be reinterpreted taking into consideration the possibility of
semiflexible behavior in addition to the well established
Zimm and Rouse models for flexible polymeric dynamics,
and liquid-crystalline models for rigid polymers. Many of the
apparent momentum-transfer-dependent diffusion coeffi-
cients previously measured for semiflexible biopolymers with
DLS may have been due to stretched exponential semiflexible
internal modes (14,15).

In addition to our aim of establishing the semiflexible
nature of cardiac thin filaments (CTF), the main motivations
for our work on CTF were the identification of changes in
their structure induced by the presence or absence of Ca®",
their self-assembly, and their mechanical behavior. Negative-
stain transmission electron microscopy (TEM) image anal-
ysis results are reported that provide information concerning
the geometry of the cardiac thin filament. The filaments
self-assemble with intact subunits containing both the tropo-
myosin and troponin that are vital for in vivo functioning.
Particle-tracking microrheology (PTM) (10,16-19) allowed
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the linear viscoelasticity of minute volumes of cardiac thin
filament solutions to be measured. Dynamic light scattering
measurements are presented that enable the bending rigidity
of the cardiac thin filaments to be accurately calculated in
terms of their semiflexible dynamics (6). Comparison is also
made between the behavior of short intact cardiac thin fila-
ment specimens and that of long synthetic actin filaments,
and large differences are observed between their viscoelas-
ticities at long times (20).

MATERIALS AND METHODS
Cardiac thin filaments

Native cardiac thin myofilaments were extracted from glycerinated porcine
myocardial tissue in the presence of protease inhibitors (21). The salt buffer
consisted of 100 mM KCl, 3 mM MgCl,, 10 mM imidazole, and 5 mM DTT,
pH 7.3. The manipulations during this purification method were all at near-
physiological salt concentrations and pH. Experiments with and without
calcium were carried out in the presence of 0.1 mM CaCl, and in 1 mM
EGTA with no added calcium, respectively. In the solution with EGTA, the
free calcium concentration would have been <1 nM and the troponin would
not have had bound calcium. In the presence of 0.1 mM calcium, the troponin
would have been saturated with calcium.

Microscopy

Images were recorded using a Jeol 1200 transmission electron microscope
(Tokyo, Japan). Samples were stained with uranyl acetate for improved
contrast in the resultant images. Micrographs were obtained in the bright-
field mode at a magnification of 50,000X.

Dynamic light scattering

An ALV (Langen, Germany) dynamic light scattering apparatus was used
with a 100-mW argon ion laser (Spectra Physics, Mountain View, CA)
with a fast correlator (12.5 ns to 1000 s). All the measurements were
performed at 25.0 = 0.1°C. Correlation functions (g(g,f)) were collected at
a series of angles in the range 30-140° (momentum transfers, ¢ =
((47/A)sin(0/2)), were in the range 8.86-32.18 wm ™', where the wave-
length (A) was 488 nm and 0 is the scattering angle) with a step size of 10°
using an ALV compact goniometer.

Particle tracking microrheology

Experiments were performed on an upright BH2 microscope (Olympus,
Melville, NY) with a Hitachi video camera and a 100X oil immersion ob-
jective, as described previously (22,23). The apparatus was placed on a vi-
bration-isolated optical table. Carboxylic-acid-modified polystyrene spheres
(0.489 wm) were used as probes over a range of CTF solution concentrations.
Many particles (20-30/frame) were tracked simultaneously for movies of
5-min length. IDL image analysis routines (Research Systems, Boulder, CO)
developed from the software of Weeks et al. (24) were used. Complex shear
moduli (G*(w)) were extracted from the mean-squared displacements
(MSDs) of the tracked probes using the generalized Stokes-Einstein equation
(22,25). Dynamic (finite camera shutter time) and static (bead displacement
noise) errors on the averaged MSD of the particle trajectories were negligible
for the range of frequencies (0.003—25 Hz) and viscoelastic moduli were
measured (22,26). The apparatus was calibrated using a range of Newtonian
(glycerol/water mixtures (22)) and viscoelastic standards (flexible poly-
electrolytes such as polyacrylamide and polymaleic anhydride copolymers).
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RESULTS AND DISCUSSION
Electron microscopy image analysis

The thin-filament length in amphibian and mammalian car-
diac muscle can vary by up to 45% within a single species
(rat, 0.6—-1.1 wm; frog, 0.8—1.3 wm) (27); in human striated
muscles, the length is ~1.1 wm, with variations of only a few
percent (28). It is thought that skeletal filaments are exactly
assembled (correct to one actin subunit), specified by the giant
protein nebulin spanning the entire filament as a template.
The CTF used in this work was obtained from pig heart fol-
lowing the procedure of Speiss et al. (21). The CTF length for
pigs is comparable to that for humans, rats, and frogs (~1 wm).
Fig. 1 shows two contour length distributions obtained by
digital analysis of TEM images (Jeol 1200) of uranyl-stained
CTF originating from two sets of solutions prepared with the
same buffer with and without 0.1 mM of Ca”>*. The first un-
expected result was that both distributions are extended up to
3.2-3.6 um (far beyond the ~1 um expected for a single
intact sacromere filament), providing strong evidence that the
CTFs undergo an annealed self-assembly process in solution,
probably as a result of fragmentation by homogenization
during preparation. The contour length distribution of the
CTF is not exponentially distributed as expected for a simple
one-dimensional self-assembly process (1,29). Indeed, sim-
ple models of self-assembly predict an exponential decrease
in the probability as a function of filament length

_ 1 -L/Ly
P(L) = A ey
where P(L) is the probability that a particular fiber is of length
L, and L is a characteristic length (L, = —d/Ina; where d is
the monomer size and a; is the monomer concentration).
However, bell-shaped curves such as those shown in the
figure are observed experimentally. Such a behavior has been
predicted in a more sophisticated self-assembly theory due to
Hill (30), which incorporates the entropic (rotational and
translational) effects of the conformations of rodlike fila-
ments, which favors the creation of a large proportion of
fibers of intermediate length. The dissociation constant for
self-assembly in this model thus depends on the length of the
filament, and the probability distribution is given by

P(L) = BL "' ™), 2)

where B is a normalization constant and # is expected to be in
the range 4-6, dependent on steric constraints (7 = 6 in our
case, indicating no steric constraints, and L, is 2591 nm). A
fit of the model is shown in the figure and the agreement is
very good, considering that only one fitting parameter (L)
was used. In contrast to CTFs, synthetic F-actin filaments are
typically much longer, with contour lengths >10 wm, but
again bell-shaped distributions are observed (31).

During calcium regulation of cardiac muscle, the tro-
ponin (Tn) complex is known to change its position and
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FIGURE 1 (a) Contour length distributions of CTF with/without Ca**

(open symbols/closed symbols), obtained by TEM image analysis. The one
parameter fit of the Hill model (30) to the bell shaped distribution is shown
(Eq. 2) as a continuous line. The contour length distribution was insensitive
to the presence of Ca*>". (b) Representative TEM image used in the digital
analysis of CTF lengths, showing the characteristic length scales of the CTF
and of a 0.5 um polystyrene particle tracking microrheology probe bead.

conformation with respect to the actin backbone (28). These
modifications induce structural reorganization of the ternary
actin-tropomyosin (Tm)-Tn system and increase the diameter
of the filament due to the extension of the Tnl,., subdomain
that is distributed along the CTF every ~38.5 nm. The CTF
diameters measured from TEM images with and without
Ca’* are clearly consistent with this schematic model
(Supplementary Material). F-actin (in the absence of Tm and
Tn) is found to have an average diameter of 9.2 = 0.1 nm,
whereas CTFs have a diameter of 9.72 = 0.08 nm without
Ca2+, and 9.9 = 0.2 nm with Ca®". The detailed molecular
model (27) indicates that at low Ca®" concentration, Tnl,.,
must form an extra attachment to actin-tropomyosin so that
the troponin-tropomyosin strand is tied down onto the actin
filament. At high Ca>" concentrations, Tnl,, is thought to be
detached from actin-tropomyosin, and is associated with the
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N lobe of TnC in an extended form. Studying the distribution
of the measured diameter in TEM images, the model is
supported by the presence of the tail in the distribution of
filament diameters above the mean diameter value in the CTF
with Ca>* (Supplementary Material).

From further image analysis, the distance distributions
between two neighboring troponin molecules along the CTF
backbone are found to be 38.5 * 0.3 nm, independent of the
presence of Ca®", as expected (2—4) (Supplementary Mate-
rial). The low polydispersity in troponin positioning indicates
a very small population (if any) of gaps between consecu-
tively bound tropomyosin molecules, as expected for a highly
cooperative self-assembly process (32). Plotting histograms
of the contour length (L) distributions as £./38.5 nm integer(L/
38.5 nm) indicates no statistically significant tendency of the
filaments to self-assemble into integral or half-integral
lengths of the tropomyosin repeat distance (similarly Fourier
analysis indicates no characteristic lengths other than L,,).
We also find that the contour length distribution does not
change appreciably with Ca** concentration.

Particle-tracking microrheology

PTM was used to investigate the two sets of cardiac thin
filament solutions at slow and intermediate timescales. PTM
is well suited to the current cardiac protein application due to
the minute amounts of sample required (~20 nL) (16,32,33).
Furthermore, short actin filaments are known to function
well, with particle-tracking microrheology (11) giving con-
fidence in the agreement with conventional bulk rheology
measurements. The two solutions were investigated over a
range of concentrations from 0.026 to 26 uM. With the PTM
technique, 0.5-um carboxylic-acid-coated polystyrene
spheres were used as probe particles, and their Brownian
motion was tracked, allowing the viscoelastic properties of
the solution to be calculated. The viscoelastic responses of
the CTF solutions were compared with theoretical scaling
predictions for semiflexible and rodlike polymer solutions.
The CTF solutions, prepared without Ca*>*, were also in-
vestigated over eight concentrations ranging from 0.034 to
14.3 uM. Fig. 2 shows the MSDs of the probes versus lag
time (7) for solutions at different CTF concentrations.

Fig. 3, @ and b, shows the corresponding values of both the
storage and loss moduli versus frequency calculated from the
MSDs using the generalized Stokes-Einstein equation (25).
The shear moduli are predominantly viscous and a range
of power laws is observed for the frequency dependence of
the viscoelastic spectrum. It is unusual that, in addition to the
G' ~ %% dependence often observed for semiflexible
polymers, an unmistakable G ~ w’®**%* regime is found in
many of the spectra (where G” is the loss shear modulus and
w is the frequency (Supplementary Material (34)). Such o
functional forms have been previously predicted at much
higher frequencies for longitudinal fluctuations of the fibers
parallel to their lengths (34-36). Their origin in the current
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FIGURE 2 MSDs of probe spheres from particle-tracking microrheology
measurements on CTF solutions without Ca>" at different concentrations. The
solid line is the predicted MSD for beads 0.489 wm in diameter in water at
25°C using the Stokes-Einstein equation (D = kT/67rmr,, where kT is the ther-
mal energy, ry, is the hydrodynamic radius, and 7 is the solvent viscosity).

experiments requires further research, and they could just be
a crossover scaling behavior. Similar results were found for
the second set of CTF solutions with Ca2+, investigated over
nine concentrations ranging from 0.026 to 26 uM.

G, G" (Pa)

o

o (rad/s)

FIGURE 3 Loss (circles) and storage (squares) shear moduli versus
frequency for CTF solutions with Ca>" at two different concentrations:
(a) 3.66 uM and (b) 26 uM. The solid lines are a guide for the gradients.
Both o™ (semiflexible flexural modes) and »"’® modes are observed.
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To identify the different stress contributions to the com-
plex modulus (G*(w)), we examined the behaviors of both
the loss and storage moduli as a function of CTF concen-
tration (Fig. 4, a—c), extracted from the viscoelastic spectra
(Fig. 3, and Supplementary Material) at specific frequency
(w) values of 0.1, 1, and 6.25 rad/s. In Fig. 4, a—c, the results
obtained from solutions with and without Ca®" have been
plotted together to identify different behaviors induced by the
presence or absence of Ca?™. It is clear that, within the ex-
perimental accuracy, there are no significant differences in
the viscoelasticity between the two CTF solutions. This im-
plies that the addition of Ca®" does not significantly perturb
the self-assembly process, since the viscosity is normally a
sensitive function of the contour length distribution. For this
reason, the data analysis has been performed as if the CTF
concentration (c¢) were the only parameter differentiating the
solutions. In all three plots (Fig. 4, a—c), it is possible to
identify two extreme scaling behaviors of both moduli as
functions of CTF concentration: 1), at low concentrations, a
concentration-independent region occurs up to a value of
~1 uM, above which 2), the two moduli smoothly tend to
a scaling law of ~¢>. Such behavior is characteristic of
concentrated rodlike polymer solutions (persistence length
L, > contour length L). Doi and Edwards (37) provide the
following expression for the specific viscosity: ng, =
(m — m,)/m,(cL?)’, where 7 is the solvent viscosity.

The intermediate scaling laws between the two concen-
tration extremes are clearly identified in Fig. 4 . The two
moduli scale as G’ ~ ¢*?*%" and G” ~ ¢***%! for con-
centrations between ~1 and ~7 uM (where G’ is the elastic
shear modulus and G” the dissipative shear modulus). This
scaling sharply contrasts with the behavior observed for long
synthetic actin filaments that follow the predictions of
semiflexible models for long filaments (20). At high con-
centrations, using an identical PTM apparatus, we found that
the elastic modulus scales as G' ~ ¢"*=%% (consistent with
the predictions for the tightly entangled regime) with syn-
thetic actin filaments (13,20,38,39).

In Fig. 4 ¢, the two scaling behaviors at low and high
concentrations are very well defined. G” is concentration-
independent up to ~1 wM, and then smoothly approaches the
scaling ~¢>. G' is measurable only at high concentrations for
such a frequency, and it also scales with the cube of the
concentration.

Specific viscosities (7s,) were evaluated using the com-
plex viscosities (n* = G*/w) extracted from data such as that
shown in Fig. 3, where 7, is the viscosity of water at 25°C.
The results are again in good agreement with the Doi and
Edwards predictions for concentrated solutions of rodlike
polymers 7, (CL3)3, especially at high concentration values;
but they are in disagreement with Bird and Yamakawa
(40,41) predictions for dilute solutions of rodlike polymers
nspoch3 (Supplementary Material). It appears that no large
increases in the self-assembled length of the CTF fibers occur
over the range of concentrations probed (rheology is fairly
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sensitive to contour length of rigid rods due to the ~L° de-
pendence of the viscosity), since this would lead to an ex-
ponential dependence of viscosity on concentration (1).

A qualitative explanation of the different scaling behaviors
of the shear moduli at different frequencies may be provided
by considering the relative magnitudes of the two charac-
teristic lengths for particle-tracking microrheology: the bead
diameter (dg) and the polymer solution mesh size (£). For
dg=¢ and for relatively short times, a probe bead should
reveal the bulk properties of the polymer solution, since it is
almost caged by the polymer chains. However, for dg<<¢,
only for times long enough that the root mean-squared
(RMS) displacement of the bead is comparable to the poly-
mer mesh size should the microrheology measurements re-
veal the viscoelastic response of the polymer solution. For
short times, the beads only explore a small distance compared
to the mesh size, experiencing only the hydrodynamic effects
due to the presence of the polymer chains, without interacting
directly with them. This picture is consistent with the above
results; indeed, at high frequency (i.e., short time (Fig. 4 b))
and low concentrations (dg<<¢), the beads reveal only the
viscous component of the system up to a concentration of
~1 uM; above that concentration (dg=§), both viscoelastic
components are measured. The square root of the bead MSD
(i.e., the RMS displacement) extracted from Fig. 2 at a lag
time of 1 s can be plotted versus CTF concentration (for both
types of solution, i.e., with and without Ca2+). The Doi and
Edwards (37) scaling prediction for the transverse distance
(A) between two rods in a concentrated solution of rigid
rods is A ~ 1/(CL2). In this case, as for synthetic F-actin,
the agreement with the model prediction is very good, es-
pecially at high filament concentrations (Fig. 4 d). This
result provides further support for the novel technique
of measuring the tube diameter in entangled solutions of
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semiflexible polymers. Moreover, in the case of synthetic
F-actin the results are in agreement with fluorescence mi-
croscopy experiments (31).

Dynamic light scattering

To measure both the persistence length and the diameter
of the cardiac thin filaments in the presence and absence of
Ca2+, DLS measurements were performed on both sets of so-
lutions. DLS can measure a wide range of timescales (12.5 ns
to 1000 s), including those that are much faster than those
accessible to particle tracking microrheology. Two sets of
five concentrations were investigated: 1), 0.91, 1.82, 3.66,
7.33,and 11 uM; and 2), 1.18, 2.36,4.76,9.53, and 14.3 uM,
the first with and the second without Ca>*. All the mea-
surements were performed at 25°C and at different angles in
the range 30°-140° (i.e., ¢ = 8.86-32.18 um ') with a step
size of 10°. Correlation functions from DLS were initially
examined with CONTIN to detect the presence of simple
dominant relaxation modes such as the diffusive motion of
the scattering centers. Only for the lowest CTF concentration
in the presence of Ca>" was it possible to identify a dif-
fusionlike mode (Fig. 5 a). It cannot be definitively identified
as a purely diffusive mode, since the polydispersity of the
samples (Fig. 1 @) could affect the linear relationship
(' = Dg?) between the relaxation rate (I') and the momen-
tum transfer (q) (D is the diffusion coefficient for monodis-
perse spheres), as described elsewhere (see 48,49). However,
the linear behavior of I'(¢?) shown in Fig. 5 a suggests that there
is not substantial variation of the form factor of the wormlike
CTEF fibers over the range of lengthscales examined (i.e., the
cross-sectional radius is too small, and both the length and the
persistence length too long, to have a significant signature in
the g-dependent diffusion coefficient with light scattering).
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Thus, the linear fit in Fig. 5 a represents the diffusive be-
havior of the scattering centers for a low concentration of
filaments (42,43) and, by using the Stokes-Einstein rela-
tionship, it is possible to obtain the hydrodynamic radius (Ry,)
of the filament: R, = 209*5nm (from the Doi-Edwards
model (37), D = (kT /67m,)(L/2)In(L/d), where kT is the
thermal energy, 7 is the solvent viscosity, L is the contour
length, and d is the chain diameter, which implies that L =2.2
pm when d = 10 nm from TEM/DLS). This result provides
additional evidence for the assumptions made in the previous
section, since they confirm that 0.91 uM is the upper limit of
the dilute regime. Only above this concentration is it possible
to consider the presence of a polymer network characterized
by a mesh size (£(c)). For the higher filament concentrations,
diffusive modes were not detected. The Kroy and Frey model
(44) was used for semiflexible filaments, as shown in Fig. 5, b
and c. This model predicts a ** dependence (where ¢ is time)
in the correlation functions due to transverse fluctuations
(similar in origin to the w>"* flexural fluctuations observed in
the microrheology data (6,13); Fig. 3 ») and the dependence
of the initial decay of the momentum transfer due to the
hydrodynamics of the chains (Fig. 5 ¢). No r"® mode was
observed in DLS (in contrast to the " seen in PTM), but
this technique is sensitive to different modes of motion in the
sample, e.g., longitudinal fluctuations cannot be easily de-
tected since there is little optical contrast for this mode of
vibration.

To evaluate the hydrodynamic diameter (ay) of the fila-
ments, the initial decay rates (yo) of the dynamic structure
factors (g(l)(q,t)) were extracted from the measurements in a
time window ranging from 10~ to 4 X 10~ s, a procedure

that performed well in previous experiments with long syn-
thetic actin filaments and peptides (7,45). For each filament
concentration and scattering angle (characterized by a scat-
tering vector g), the normalized initial decay rate (F?q)) was
measured and fitted to the expression calculated by Kroy and
Frey:

0 _ 6772’% 0 _ 5

@ = kBTCf‘y 6 In(gay), 3)

where 7, is the solvent viscosity, ¢ = 47 /Asinf/2 (A is the
wavelength of 488 nm and 0 is the scattering angle), and kT is
the thermal energy. The dynamic structure factors (g(¢,7))
behaved at short times as single exponentials (Fig. 5 b) for all
the solutions investigated. To evaluate the hydrodynamic
diameter (ay) of the CTF filaments, Eq. 3 was used to fit the
data shown in Fig. 5 c. The results for all the concentrations
investigated are reported in Table 1.

The diameter values of Table 1 are in good agreement with
those of the cardiac thin filaments reported in the literature
(46) (d = 10nm). Their mean value, @, = 9.75*=1.2nm, is
also in very good agreement with the TEM image analysis
result, d = 9.72+0.08 nm, obtained for the same system, but

TABLE 1 Hydrodynamic diameter (a,) of CTFs without Ca®*
from DLS measurements as a function of CTF concentration
CTF concentration (uM) ay (nm)
2.36 89 £ 35
4.76 95 17
9.53 102 £ 16
14.3 104 = 1.8
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slightly larger than small-angle neutron measurements (7-9
nm) (47). At longer times, the intermediate scaling function
from DLS has a characteristic stretched exponential depen-
dence on time (¢) (8,44), in agreement with the prediction for
semiflexible polymers:

g"(¢.0=2¢"(q, O)exp{—rf(;f)

where L, is the persistence length and I’y is the gamma
function. Having established the very good agreement be-
tween DLS and TEM measurements, a diameter of 9.72 nm
was used in Eq. 4 to evaluate the best fit value of L, for the
CTF solutions in the absence of Ca2+, whereas a diameter of
9.9 nm was used for the CTF solutions with Ca®*. The re-
sultant persistence lengths (L) are reported in Table 2, to-
gether with the corresponding bending moduli (k). As noted
by Kroy and Frey (44), Eq. 4 only applies to momentum
transfers (g) small enough to resolve single filaments. For
momentum transfers larger than that corresponding to the
mesh size (27/£), the intermediate structure factor includes
contributions from the mutual fluctuations of neighboring
fibers, and Eq. 4 no longer holds. It is therefore the large ¢
asymptote that marks the true persistence length in Fig. 5 d.
We thus only report averaged values of L, for g values >22
wm™ " in Table 2.

We compared the above results with those presented by
Gotter et al. (7) on reconstituted thin filaments. They investi-
gated the effects of the tropomyosin/troponin complex on the
stiffness of synthetic actin filaments (with and without Ca2+)
using dynamic light scattering. They reconstructed the thin
filaments by mixing the three separate components (all ex-
tracted from rabbit muscles) at a molar ratio of actin/tropo-
myosin/troponin equal to 7:1:1. On the basis of their DLS
results, Gotter et al. (7) concluded that in the presence of Ca™,
Tm/Tn causes an increase of the bending modulus of F-actin
by ~50%. For comparison, Fig. 6 shows the bending moduli
versus concentration of the CTF and actin systems we inves-
tigated combined with the averages over the scattering vector
(g) of the Gotter et al. data obtained for a single concentration.

Good agreement between our measurements and those
obtained by Gotter et al. (7) is seen in Fig. 6 for the magnitude
of the bending modulus (k), but it is equally clear that mea-

Tassieri et al.

surements performed at just one concentration may not dis-
criminate between slightly different values of the bending
modulus. Over the range of concentrations explored, the
stiffness of the CTF in the presence of Ca”" is slightly greater
than that in the absence of Ca>", especially at low concen-

kT 5 3/4q2t3/4
(i) (6= mta)| L} @

P

trations. The CTF stiffness values in the absence of Ca”* are
almost equal to those of pure F-actin in the same buffer
conditions. The small differences between the CTF bending
modulus values in the presence and absence of Ca>", and the
invariance of the contour length distribution, are consistent
with the inability of the microrheology measurements to
detect any differences between the two solutions. In Fig. 6,
the dotted line represents a proposed power law scaling to
characterize the concentration functionality of the bending
modulus (k ~ ¢%%), which as yet does not have a theoretical
prediction (it is, however, inversely proportional to the hy-
drodynamic screening length (&), since &, ~ ¢ %9).

CONCLUSIONS

Intact cardiac thin filaments are found to self-assemble in
vitro with a bell-shaped distribution of their contour lengths,
which is due to an annealing process. Changes in the cardiac
thin filament induced by the presence or absence of Ca®"
have been investigated and identified using three different
techniques: TEM, PTM, and DLS. TEM revealed that the
troponin (Tn) complex changes conformation in the presence
or absence of Ca”, consistent with the structural model
proposed by Takeda et al. (28). PTM measurements were
made over a wide range of cardiac thin filament concentra-
tions from 0.026 to 26 uM. The dynamics of the filaments
were examined within the framework of modern theories
for semiflexible/rodlike dynamics, and intermediate behav-
ior was found to depend on the timescale probed. At high
concentrations and slow timescales, the viscoelasticity is in
good agreement with the Doi and Edwards predictions for
concentrated solutions of rodlike polymers (nspoc(cL3)3).
However, at fast times with DLS measurements, the Kroy
and Frey model (44) for semiflexible polymer dynamics was

TABLE 2 Persistence length (L,) and bending modulus (i) of CTF with and without Ca®* as a function of CTF concentration

CTF without Ca**

CTF with 0.1 mM of Ca®™"

Concentration (uM) L, (um) k (10727 Jm) Concentration (uM) L, (um) K (10727 Jm)
1.18 1.11 = 0.04 46 0.2 091 - -
2.36 1.6 = 0.1 6.6 =04 1.82 24 *+02 99 + 0.8
4.76 1.98 = 0.07 82+ 0.3 3.66 26 £02 10.7 £ 0.8
9.53 3.1 %02 12.8 £ 0.8 7.33 29 +0.2 119 =08
14.3 38 *+0.2 156 £ 0.8 11 45 * 0.1 185 + 04

Biophysical Journal 94(6) 2170-2178



Cardiac Thin Filaments

201 m F-actin;
18 4
16 ® CTF -ca™ ®
144 A CTF+ca® 4 P
£ 121 ‘ A -7 )
. A ——
; 10 1 ~ :
2 87 + .
= e’ From Gotter et al:
6 L O F-actin
’ TF -Ca®
. 05 24
gd B | BsmEe ~C A TF+Ca
T T
1 10
¢ (uM)

FIGURE 6 Bending modulus (k) versus concentration for synthetic
F-actin and CTF solutions with and without Ca>" (solid symbols), and for
F-actin and reconstituted thin-filament solutions with and without Ca>*
(open symbols), with values adapted from the literature (7). The dotted line is
a guide for the gradient.

required, and it allowed us to determine both the diameter
(d ~ 9.9 nm and d = 9.72 nm with and without Ca%", re-
spectively) and the bending modulus (k = 12X 10727 Jm at
¢ &~ 7 uM, with or without Ca*>*) of the cardiac thin filaments
from their transverse fluctuations. Both the parameters are
in good agreement with the literature values for synthetic
filaments (d ~ 10 nm (46) and « =~ 13.5X107%" Jm at
c~7uM(6)) and TEM measurements, but significant
changes in the bending modulus are detected as a function of
concentration and the presence of Ca®". A w®* dependence
observed in the linear shear viscoelasticity of the CTF solu-
tions is thought to be due to flexural fluctuations of the
semiflexible filaments (6).

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.

We thank Dr. Tanniemola Liverpool for useful discussions. The cardiac
thin filaments were a kind gift from Dr. Howard White (Eastern Virginia
Medical School, Norfolk, VA).
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