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ABSTRACT The ability of calcium to regulate thin filament sliding velocity was studied in an in vitro motility assay system
using cardiac troponin and tropomyosin and rhodamine-phalloidin-labeled skeletal actin and skeletal heavy meromyosin to
propel the filaments. Measurements showed that both the number of thin filaments sliding and their sliding speed (S;) were
dependent on the calcium concentration in the range of pCa 5 to 9. Thin filament motility was completely inhibited only if
troponin and tropomyosin were added at a concentration of 100 nM to the motility assay solution and the pCa was more than
8. The filament sliding speed was dependent on the pCa in a noncooperative fashion (Hill coefficient = 1) and reached
maximum at 5 um/s at a pCa of 5. The number of filaments moving uniformly decreased from >90% at pCa 5-6 to near zero
in less than 1 pCa unit. This behavior may be explained by a hypothesis in which the regulatory proteins control the number
of cross-bridge heads interacting with the thin filaments rather than the rate at which they individually hydrolyze ATP or

translocate the thin filaments.

INTRODUCTION

In 1957 A. F. Huxley hypothesized that the unloaded short-
ening velocity (V,) in muscle was set by a balance of forces,
i.e., the force produced by cross-bridges propelling thin
filaments toward the center of the sarcomere (positive force
producing cross-bridges) balanced by attached -cross-
bridges resisting thin filament movement (drag stroke cross-
bridges). In this formulation, a cross-bridge initially at-
taches to the thin filament and produces a positive force,
which declines toward zero as shortening proceeds. With
continued filament sliding, some cross-bridges are dragged
into a negative force-generating region, consequent to a
limited rate of cross-bridge detachment from the thin fila-
ment. Huxley’s formulation of the cross-bridge mechanism
was particularly significant in that it successfully accounted
for a variety of known mechanical and energetic features of
contraction. Among these, his theory successfully predicted
that the unloaded shortening velocity (V,) would be inde-
pendent of the number of cross-bridges attached to the thin
filament (the sarcomere length) (Gordon et al., 1966).
According to interpretations of x-ray diffraction studies,
regulation of muscular contraction is accomplished by lim-
iting cross-bridge access to “strong” hydrophobic binding
sites on actin by the position of tropomyosin, which is
regulated itself by calcium binding to troponin (Haselgrove,
1972; Huxley, 1972). Such a “recruitment” model, together
with Huxley’s view of V,, predicts that V,, will be indepen-
dent of the calcium concentration. However, evidence on
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this point is conflicting. In skinned muscle fibers, several
groups have reported that V, is independent of pCa (the
negative log of [Ca™?]) (Thames et al., 1974; Podolin and
Ford, 1986), whereas others have shown that V,, increases as
pCa is decreased (Julian, 1971; Julian and Moss, 1981).
Moss (1991) has suggested this discrepancy may be recon-
ciled by the presence of an internal load associated with a
C-protein limitation of cross-bridge head displacement dur-
ing shortening.

The in vitro motility assay offers a method of directly
testing Huxley’s concept of thin filament regulation and
may itself offer clues to unraveling the contradictory results
obtained using skinned muscle fibers. Honda and Asakura
(1989) and Harada et al. (1990), using skeletal regulatory
proteins, reported that the sliding speed of thin filaments
was regulated in an “on and off” fashion predicted by
Huxley’s model; i.e., at pCa > 5.7-6.0 the filaments bound
to the myosin-coated surface and did not move. However,
when pCa was lowered further, at a pCa of 5.7 (Honda and
Asakura, 1989) or 6.0 (Harada et al., 1990), filaments began
to move at maximum speed. A recent study by Sata et al.
(1995) confirmed these observations by using cardiac reg-
ulatory proteins. Unfortunately, these studies did not char-
acterize filament movement in detail, did not define the
methods used to compute the filament movement, did not
define the filament selection criteria, or specify the protein
constituency of the filaments (actin:Tm:Tn). Recently,
Fraser and Marston (1995) successfully addressed some of
these issues, by varying the amount of regulatory proteins
attached to the thin filament and by randomly selecting
filaments for analysis. They concluded that calcium regu-
lated the number of filaments moving and that regulation
was an “all-or-none” process. However, the regulation was
incomplete in that even at calcium concentrations of <10’
M, 20% of the filaments moved at speeds near maximum.
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In the study below we used native thin filaments isolated
from bovine cardiac muscle as well as reconstituted thin
filaments composed of cardiac tropomyosin and troponin
bound to skeletal actin to characterize thin filament activa-
tion with regard to the number, speed, and quality of fila-
ment movement. We find that the inclusion of additional
tropomyosin/troponin (100 nM) in the motility assay was
necessary to ensure complete regulation of the thin fila-
ments. Furthermore, at ionic strengths of 50 mM (in the
presence and absence of methyl cellulose) and at 100 mM in
the presence of methyl cellulose, calcium regulates both the
fraction of moving filaments and the filament sliding speed
(S). However, control experiments suggest that the fall in
filament sliding speed at low [Ca™?] is a consequence of a
reduction in the number of myosin heads strongly attached
to the thin filaments. These results suggest that filament
sliding speed per se is not modulated by calcium concen-
tration.

MATERIALS AND METHODS
Proteins

Rabbit skeletal myosin was prepared as described by Margossian and
Lowey (1982) and used immediately or stored in 50% (w/v) glycerol at
~20°C. The stored myosin was used within 4 weeks of preparation. Actin
was prepared as described by Pardee and Spudich (1982) from acetone
powder processed from the residues of the rabbit muscle after myosin
extraction. The F-actin was stored on ice and could be used for up to 2
months after preparation. Bovine ventricular tropomyosin and troponin
were purified as previously described (Tobacman and Adelstein, 1986;
Tobacman and Lee, 1987). These proteins were aliquoted and stored in a
low-salt solution containing 10 mM Tris (pH 7.5), 1 mM dithiothreitol
(DTT), 0.01% NaN;, 5 mg/ml each of L-1-tosylamide 2-phenylethyl chlo-
romethyl ketone (TPCK) and Na-p-tosyl-L-lyrine chloromethyl ketone
(TLCK), and 0.3 mM phenylmethylsulfonyl fluoride (PMSF) for up to 6
months at —70°C. Bovine ventricular native thin filaments (NTFs) were
made as described by Tobacman and Sawyer (1990) and were stored for up
to a month on ice in 4 mM imidazole (pH 7.4 at 25 C), 3 mM MgCl,, 2 mM
K,EGTA, 3 mM NaNj;, 5 mg/liter of TLCK and TPCK. Heavy meromy-
osin (HMM) was prepared by chymotryptic digestion as described by Kron
et al. (1991) and was used in the assay for 3-5 days. On the day of an assay,
a fraction of the HMM solution (typically 300 pug/ml in a low-salt buffer)
was reacted with a stoichiometrically equivalent concentration of F-actin in
the presence of 2 mM MgATP and centrifuged in a Beckman airfuge at
180,000 X g at 4°C for 15 min to remove inactive HMM molecules unable
to dissociate from the actin. For these studies, the molecular masses for
myosin, HMM, actin, troponin, and tropomyosin were taken as 480, 350,
42,77, and 68 kDa, respectively. The corresponding extinction coefficients
(mg/ml) used in this work were Epg = 0.52 cm™!, E g0 = 0.60 cm™", E,q,
= 1.15em™!, Ey; = 0.45 cm™!, and E,g, = 0.33 cm™! (Tobacman and
Lee, 1987). Reconstitution of thin filaments from actin, troponin, and
tropomyosin was done by mixing the proteins at a concentration of 2 uM
F-actin, 0.5 uM tropomyosin, and 0.48—0.5 uM troponin in F-actin buffer
(4 mM imidazole, pH 7.1 at 25°C), 2 mM MgCl,, 0.5 mM ATP, 3 mM
NaN,;, | mM DTT). The solution was allowed to incubate overnight before
use.

Fluorescent labeling of the actin

Rhodamine phalloidin (RP) (60 ul, 3.3 uM; Molecular Probes, Eugene,
OR) in methanol was centrifuged under vacuum to dryness. Actin buffer
(90 ul) was then added to the RP residue and sonicated for 1 h, after which
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10 pl of 20 uM actin or 20 uM actin/5 uM tropomyosin/5 uM troponin
was added to the solution and allowed to incubate overnight. The labeled
actin can be used for 1-2 weeks with satisfactory results.

Motility assay

The movement of the RP-labeled thin filaments over HMM-covered nitro-
cellulose surfaces in reaction chambers was observed by video epifluores-
cence microscopy, as described by a number of investigators (Kron and
Spudich, 1986; Homsher et al., 1992). The nitrocellulose coverslips were
prepared as described by Umemoto and Sellers (1990) and were used
within 5 h. Typically, HMM (200-300 pg/ml) was injected into the
chamber and allowed to incubate for 2 min. In several experiments (indi-
cated in the text) this concentration was reduced to 30 pug/mi. This was
followed by 50 pl of 0.5 mg/ml of bovine serum albumin (Sigma Chemical
Co., St. Louis, MO), which incubated for 1 min. The slide chamber was
them washed with two 50-ul aliquots of assay buffer (20 mM KCl, 10 mM
3-(N-morpholino)propanesulfonic acid (MOPS) (pH 7.4 at 25°C), 2 mM
MgCl,, 1 mM DTT). Next a 1 uM solution of sheared unlabeled actin
filaments (produced by rapid flow of the actin solution through a 23-gauge
syringe needle) was introduced onto the surface for 1 min, followed by two
50-ul aliquots of assay buffer containing 1 mM ATP. This procedure acts
to block any “dead” S-1 heads. Next the chamber was washed twice with
assay buffer to clear the chamber of any ATP. A 20—40 nM solution (50
pl) of the RP-labeled thin filaments or regulated thin filaments (made by
dilution of the 2 uM labeled actin solution immediately before its use) was
then introduced into the chamber and incubated for 1 min. Finally, the
chamber was rinsed twice with assay buffer, and the activating solution
was introduced. All activation solutions contained 3 mg/ml glucose, 100
wpg/ml glucose oxidase, 10 pug/ml catalase, and 10 mM DTT to minimize
photobleaching of the fluorescent label. The solutions used in these exper-
iments were at 50 or 100 mM ionic strength and calcium concentrations (or
pCa), which were calculated using a solution program written in Quick-
Basic by E. Homsher and N. Millar based on the equations of Fabiato and
Fabiato (1979). The composition of the 50 mM ionic strength solution was
25 mM MOPS (pH 7.4), 25 mM KCl, 2 mM MgCl,, 2 mM EGTA (with
varying ratios of CaKEGTA or K,EGTA), 1 mM Na,-ATP, and the
glucose/oxidase/catalase system to slow photobleaching. The 100 mM
ionic strength solutions contained 140 mM MOPS (pH 7.4), 2 mM MgCl,,
10 mM DTT, and the appropriate ratios of K,EGTA and CaKEGTA as
well as the enzymes. In some solutions up to 0.4% methy! cellulose (MW
~90,000; Sigma Chemical Co.) was added to the solutions to reduce lateral
diffusion of the filaments away from the surface (Uyeda et al., 1990).

Motility measurements

The motility chamber was placed on a temperature-controlled stage of a
Leitz epifluorescence microscope. The light from a 200 W/4 Hg arc lamp
was passed through an N-14 filter cube to excite fluorescence after it had
passed through a temperature-controlled 60X 1.3 NA objective. The flu-
orescence signal was imaged on a DAGE 68 SIT camera, whose image was
recorded without enhancement on a Mitsubishi VCR and recorded on
videotape. Typically 810 sites on a surface were observed, and each was
recorded for 20-30 s, during which photobleaching was insignificant. The
recorded sites were then played back through a Motion Analysis Expert
Vision System (Santa Rosa, CA.). This system makes it possible to track
the movement of each filament in the field of view, using frame grabbing
rates of 0.1 to 30/s. In these experiments data were acquired at 1-10
frames/s, depending on filament sliding speed (the faster the filament
movement, the faster the frame grabbing rate). The data were acquired and
analyzed as previously described in detail (Homsher et al., 1992). Use of
these techniques allowed determination of the number of filaments moving
in the field of view and computation of the frame-to-frame speed for each
filament and each filament’s average speed. As previously, filaments were
classified as belonging to one of three categories: 1) filaments not moving
(i.e., having an average speed of <0.8 um/s when acquired at 5 frames/s



Homsher et al.

or <0.32 um/s when acquired at 1 frame/s [the apparent speed produced
by arc wander and mechanical vibration] as measured in filaments bound
to the surface in the absence of ATP); 2) filaments moving at uniform
speed (the standard deviation of the frame-to-frame speed for a filament
was <0.5 of the filament’s mean speed); and 3) erratically moving fila-
ments (those whose frame-to-frame SD was >0.5 of the filament’s mean
speed). This methodology removes the bias that may arise from experi-
menter selection of filaments to track. To qualify as a filament the filament
must be tracked for at least 2 s at an acquisition rate of 5 frames/s and for
4 s for 1 frame/s. Typically the speed reported as a mean in this work is the
average of >150 different filaments. Plots of the mean speed or fraction of
uniformly moving filaments moving against pCa were fitted to a Hill plot
using a nonlinear curve-fitting routine using NFIT (Island, Inc., Galveston,
TX). Data are reported as mean * SD.

RESULTS
Control experiments

To define the extent to which filament speed and number of
filaments moving varied from one slide to another, motility
assays were replicated to define the intrinsic variability of
the system. For these studies, five separate motility assays
were prepared using the same proteins and solutions under
identical conditions. In the analysis of the records, nine
different representative sites on each assay were chosen for
analysis, and filament movement at those sites was recorded
for 15-20 s. At each site 10-s segments of the videotaped
filament movement were analyzed; the results are tabulated
in Table 1. It can be seen that the total number of filaments
observed in the nine fields in a slide varied about a mean of
360 filaments with a coefficient of variation of 23%. The
average filament sliding speed (Sy) in a particular slide was
more reproducible, yielding a mean (with this preparation of
HMM) and a coefficient of variation of 4%. An analysis of
variance testing the null hypothesis that the variance and
means recorded in these studies were identical revealed that
neither null hypothesis could be accepted, as there were at
least two slides that varied significantly from the others at
the p < 0.001 level. Pairwise #-tests for independent sam-
ples with unequal variance of this data revealed that only
slides 3 and 4 and slides 3 and 5 were not significantly
different from each other. Thus even in this sample, in
which the S; group means differed by less than 10% from
each other, there is significantly different motion of the
filaments. This difference, albeit small, is real and does not
stem from the selection criteria, definition of nonmoving
filaments, or duration of observation because the difference
remains if these criteria are dropped. It is unlikely that the

TABLE 1 Replicate samples of motility assays

Slide no. No. of filaments Mean velocity (pm/s) SD (wm/s)
1 279 4.7 0.9

2 293 4.9 0.8

3 417 5.1 0.7

4 339 5.1 0.7

5 473 5.0 0.7
Mean 360 5.0

SD 83 0.2
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differences occur as a result of differences in illumination
(e.g., arc wander or light intensity), because the former is of
short duration and the consistency of the gray threshold over
different slides argues against the latter possibility. The
difference cannot stem from temperature variation because
it is regulated. The difference is not caused by the analysis
procedure, because a 10% difference in filament sliding
velocity is discernible by casual observers as well. It is more
likely that the differences derive from subtle differences in
the surface quality. Thus when small differences are found
between surfaces, one must carefully examine the data or
perform a series of identical assays to avoid falsely con-
cluding that a difference exists when none does.

Because the experiments described below assume that the
movement of filaments at differing pCa is a consequence of
changes produced by the regulatory proteins we also tested
the effect of [Ca*?] on filament sliding speed at pCa’s
ranging from 9 to 5.0 in unregulated thin filaments. The data
in Fig. 1 indicate there are no significant differences in
filament sliding velocity, fraction of smoothly moving fil-
aments, or number of moving filaments. Thus any changes
observed stem from the presence of regulatory proteins.
Similar results have been reported by Fraser and Marston
(1995).

Native thin filaments

The first type of regulated filament movement examined
was “native” thin filaments (NTFs), thin filaments di-
rectly isolated from muscle by washes of homogenized
muscle in low ionic strength, in which it is assumed that
the thin filaments have a “normal” complement of regu-
latory proteins (Tobacman and Sawyer, 1990). Gels of
these filaments were similar to those reported earlier
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FIGURE 1 §;(®) and percentage of unregulated thin filaments moving

at uniform speed () and moving erratically (O) at various pCa at 25°C and
50 mM ionic strength. The vertical line on the S; data indicates one SD. The
number of filaments analyzed at pCa 9, 8, 7, 6, and 5 were 197, 74, 153,
167, and 106, respectively.
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(Tobacman and Sawyer, 1990) and contained actin, Tm,
Tnl, TnT, and TnC. A drawback of studies using NTFs is
that the filaments are only about 1.1 um long, which
corresponds to 4—6 pixels. Consequently in the analysis,
noise should be minimized and the movement of specific
filaments carefully compared to the paths computed by
the filament movement analysis program. The experi-
ments were done at 50 mM ionic strength. In preliminary
studies the filament mean sliding velocity at pCa 5 was
5.1 £ 0.9 um/s (mean = SD), and 92.0% of the filaments
(565) were moving at uniform speeds. At pCa 9, 43.3%
of the 808 filaments analyzed did not move, 43.3%
moved erratically, and 13.3% continued to move at a
velocity of 3.7 = 1.4 pum/s (mean * SD). This result,
which is similar to that of Fraser and Marston (1995),
suggests that the regulatory proteins can dissociate from
the filaments at the low concentrations of actin (20 nM)
used in the motility assay. To prevent such dissociation,
various concentrations of Tm/Tn ranging from 10 to 100
nM were added to the motility assay solution to ensure
that regulatory proteins remained bound to the thin fila-
ments. Although addition of 10 nM Tm/Tn to the motility
buffer had little effect on the filament motion at pCa 9,
addition of 100 nM Tm/Tn produced an essentially com-
plete inhibition of filament movement at pCa 9 (less than
5% of the filaments showed any movement at all), and
there was no effect of the added Tm/Tn on the filament
sliding at pCa 5. Experiments with 1 £M Tm/Tn were not
significantly different from those using 100 nM Tm/Thn.
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FIGURE 2 S; (@) and fractions of native thin filaments moving at
uniform speed (W) and moving erratically (O) at various pCa. Least-
squares fits to the Hill equation for S; gave the maximum S; as 3.7 * 0.4
pm/s, a Hill coefficient of 0.9 = 0.4, and a pCasg of 6.5 + 0.2; comparable
values for the percentage of filaments uniformly moving were 91%, Hill
coefficient of 4.5 = 1.3, and pCas, of 6.2 £ 0.03 (means *+ SD).
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Thus all subsequent motility solutions contained 100 nM
added Tm/Tn. Fig. 2 illustrates the effects of variation of
pCa on filament motion under these conditions (for each
data point 402-953 filaments moving for at least 2 s were
analyzed). The data show nearly complete calcium reg-
ulation of the filament movement. At pCa 9 none of the
filaments move. At pCa 7 less than 0.6% of the filaments
are moving at uniform speed (4.5% show erratic move-
ment), and 94.9% do not move at all. Those that are
moving do so at a speed of 1 um/s, 20% of the maximum
filament velocity. When [Ca*?] rises from pCa 7 to 6,
more than 74.5% of the filaments move smoothly and do
so at an average speed of 2.2 um/s, and at a pCa of 5Sm
filament sliding speed is maximum at 4.1 um/s and
93.7% of the filaments are moving at a uniform speed.
Fits of the data in Fig. 2 using the Hill equation yield a
Hill coefficient for the fraction of smoothly moving
filaments of 4.5, whereas that for S; is only 0.9. Further-
more, the pCas, for the fraction of smoothly moving
filaments is 6.2 and that for the S; is 6.5. Thus in native
thin filaments there is a calcium-dependent gradation of
both the number of filaments moving and their speed that
has not previously been reported.

Reconstituted thin filaments at 50 mM
ionic strength

Experiments were performed using filaments reconstituted
from rabbit skeletal muscle F-actin and bovine cardiac
tropomyosin and troponin as described in Materials and
Methods. These filaments are longer and more easily visu-
alized than NTF, thus simplifying motion analysis. Fig. 3
summarizes the results of experiments using reconstituted
filaments under the conditions used for native thin fila-
ments. The results are similar to those obtained using native
thin filaments. At pCa 9 numerous filaments bind (n =
308), and none move smoothly or erratically; as the calcium
concentration is increased, filaments begin moving (pCa
8.0) at a slow speed (<1.0 um/s), with less than 1% of the
filaments (5) moving at a uniform speed and a small fraction
moving erratically (<1%). At still higher calcium concen-
trations (pCa 7.0-6.0), 31-96% of the filaments move at
uniform and high filament speed (~3.5-5.4 pm/s). Maxi-
mum velocity is reached at pCa 5 (5.8 um/s), with 95% of
all filaments moving smoothly (n = 686). The fraction of
erratically moving filaments peaks (37%) at pCa 7 and then
falls to 4% at pCa 5. Fig. 3 shows that reconstituted thin
filaments, like NTFs, exhibit a Hill coefficient for S; (0.7)
that is less than that for the fraction of filaments moving
uniformly (1.1). Finally, the pCas, for S; is slightly greater
(7.1) than that for NTF (6.5). The difference is comparable
to that previously noted between native and reconstituted
thin filaments in the K, for myosin S-1 ATPase (Tobac-
man and Sawyer, 1990). In that study, the respective K,
were 5.4 and 5.7-5.9.
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FIGURE 3 S, (@) and fractions of reconstituted thin filaments at 50 mM
ionic strength moving at uniform speed () and moving erratically (O) at
various pCa. Least-squares fits to the Hill equation for S; gave the maxi-
mum S; as 5.8 * 0.7 umy/s, a Hill coefficient of 0.7 £ 0.3, and a pCas, of
6.9 *+ 0.2; comparable values for the percentage of filaments uniformly
moving were 97%, Hill coefficient of 3.9 = 0.9, and pCas, of 6.9 = 0.06
(means * SD). The number of filaments analyzed at pCa 9, 8, 7, 6.75, 6.25,
6, and 5 were, respectively, 308, 601, 398, 929, 172, 390, and 721.

Movement of reconstituted thin filaments at
higher ionic strengths

Motility assays are often performed at ionic strengths of 50
mM or less because at higher ionic strengths the binding to
the “weak” binding sites is reduced by the electrostatic
“screening.” Furthermore, as the ionic strength is reduced
below 50 mM the filament sliding speed declines (Homsher
et al.,, 1992), the K,, for actin activated ATPase declines
(Wagner and Weeds, 1979), and the rate of ATP cleavage
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by myosin S-1 heads declines (Stein et al.,, 1979). To
determine whether the relationships seen in the preceding
studies applied to conditions in which weak binding was
reduced, motility assays were conducted at an ionic strength
of 100 mM. At 100 mM ionic strength the motility solution
must contain MeCel to prevent filaments from diffusing
from the surface by Brownian motion. The methylcellulose
concentration at 50 and 100 mM was 0.4%. The lower ionic
strength was used to compare the behavior of the filaments
to those in the absence of MeCel as a control for the effect
of MeCel itself. The data obtained in this comparison are
shown in Table 2 at pCa of S, 6, and 7. There is no
significant difference in S, the fraction of uniformly mov-
ing filaments, or the fraction of erratically moving and
nonmoving filaments. This result is consistent with similar
lack of effect of MeCel on S; reported earlier (Uyeda et al.,
1990; Homsher et al., 1992). Fig. 4 shows the results of
studies of the effect of pCa at 100 mM ionic strength. These
data show first that there is no qualitative difference be-
tween the filament sliding behavior seen in the presence of
MeCel and that in its absence. Second, at an ionic strength
of 100 mM, the typical dependence of the fraction of
smoothly moving filaments, the number of nonmoving fil-
aments, and S; on pCa is observed. The Hill coefficient for
S¢is 1.2 and that for the fraction of moving filaments is 4.1.
In this preparation the pCas, for the fraction of smoothly
moving filaments is greater (7.1) than that for S; (6.8). Thus,
the intrinsic calcium dependence of the fraction of filaments
moving uniformly and S; are not qualitatively altered by the
ionic strength. As at lower ionic strengths, as the pCa is
increased from 5, the fraction of erratically moving fila-
ments increases (reaching a maximum near pCa 7) and then
declines toward zero as pCa is further increased. This be-
havior is illustrated in Fig. 5, which shows the centroid path
of filaments moving at a pCa of 9 (Fig. 5 A), 5 (Fig. 5, B-1
and B-II), and 7 (Fig. 5, C-I and C-II) during a representa-
tive 10-s segment of videotape. Panel I in each section
shows the path followed by the filaments during the 10-s
period of analysis. Each filament in Panel I was assigned a
letter. These data show that there is essentially no move-

TABLE 2 Comparison of filament motion in the presence and absence of methyicellulose at 50 mM ionic strength

pCa

5.0 6.0 7.0
S¢ 50 mM 5.8 +08(127) 54 *1.2(309) 3.7 +2.1(398)
(pm/s) 50 mM + MeCel 6.6 = 0.8 (721) 54 * 1.0 (390) 2.5 +0.9(398)
% filaments 50 mM 95.1 949 41.5
uniform 50 mM + MeCel 94.4 96.0 31.0
% filaments 50 mM 4.7 5.1 37.2
nonmoving 50 mM + MeCel 5.6 4.2 46.8
% filaments 50 mM 0.2 0.0 214
erratic 50 mM + MeCel 0.0 0.0 222

S¢ is given as mean = SD, and the numbers in parentheses correspond to the total number of filaments analyzed.
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FIGURE 4 S; (@) and fractions of reconstituted thin filaments at 100
mM ionic strength in the presence of methyl cellulose moving at uniform
speed (W) and moving erratically (O) at various pCa. Least-squares fits to
the Hill equation for S; gave the maximum S; as 7.4 * 0.7 um/s, a Hill
coefficient of 1.2 + 0.4, and a pCas, of 6.8 + 0.2; comparable values for
the percentage of filaments moving uniformly were 89%, Hill coefficient
of 4.1 = 0.6, and pCas, of 7.1 * 0.02 (means * SD). The speed observed
at pCa 9 is from two filaments of 246 observed at pCa 9. The number of
filaments analyzed at pCa 9, 7.5, 7, 6.5, 6, and 5 were 246, 630, 347, 568,
464, and 670, respectively.

ment at pCa 9, aside from noise associated with arc wander
and mechanical vibration. At pCa 5 (Fig. 5 B-1) the filament
paths are long compared those seen at pCa 7 (Fig. 5 C-I),
indicating a greater S; for pCa 5 than for pCa 7. In Fig. 5,
B-II and C-1I, the frame-to-frame location of each filament’s
centroid is designated by a tic mark. The numbers at the
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beginning and end of a filament centroid path indicate
the frame in the sequence at which the filament entered the
tracking field (the lower number) and the frame at which
filament tracking ceased because the filament left the field,
the data acquisition stopped, or the filament size dropped
below the number of pixels (6) needed to qualify as a
filament (the greater number). At pCa 5 the frame grabbing
rate was 5/s and at pCa 7 it was reduced to 2/s, so that the
pattern of frame-to-frame filament centroid movement
could better be seen. At pCa 5 (Fig. 5 B-II) each of the eight
filaments exhibits uniform movement because the distance
between successive tick marks is relatively constant. By
contrast, filament movement at pCa 7 is rather erratic.
Filaments A, H, and J show uniform movement in that
successive tick marks are uniformly spaced (a distance
roughly similar to that in Fig. 5 B-11, indicating that at pCa
7 the velocity is roughly half that at pCa 5). On the other
hand, filaments B, C-G, I, and K have very erratic paths,
with periods of uniform movement interspersed with little
or no movement. These data, with those in Figs. 2 and 3,
show that both the fraction of moving filaments and fila-
ment sliding speed are dependent on pCa. Furthermore, the
fact that at pCa near 9, large numbers of filaments are bound
to the surface indicates that “weakly attached” cross-bridges
can bind filaments to the surface. Fig. 6 contains Gaussian
fits describing the number of filaments sliding at a different
mean speeds as a function of the pCa. It might be that the
reduced velocities observed at high pCa were a consequence
of alternating periods of “stop and go” sliding. If so, there
would be a significant broadening of the standard deviation
and the appearance of slower moving subpopulations for
given means. As pCa is increased beyond 5, mean filament
sliding speed declines, the number of moving filaments
decreases markedly, but no subpopulations of slower mov-
ing filaments appear. A similar histogram analysis of the
frame-by-frame speeds at pCa 6 and 7 show that the fall in
speed is not caused by filaments moving smoothly at high
velocity for a period of time and then ceasing to move for
increasing periods of time as pCa rises. We have also
increased the frame grabbing rate to 30/s and find no evi-

TABLE 3 Summary of caicium sensitivity of regulated thin filaments

Filament sliding speed

Fraction uniformly moving

Ionic
strength Semax Hill Hill
Protein (mM) (pm/s) Coef. pCasg Max. Coef. pCasq
NTF#-12/94* 50 37+04 0902 65+02 091 *+ 0.04 45+ 13 6.2 * 0.03
CRTF$-7/95 31 1.3%0.1 0.6 =02 6.5*02 0.84 *+ 0.03 29*09 6.6 0.1
CRTF-2/95 50 40+07 12207 6.6 =02 0.88 = 0.03 56 %09 6.2 * 0.03
CRTF!-12/94 50 58+ 06 0.7 %03 7.1x02 0.95 = 0.1 1.3 04 6.9 +0.1
CRTF-3/95 50 6.9 + 09 07 +04 69 *+02 0.97 = 0.04 39+24 6.9 = 0.06
CRTF'-3/95 100 74 +0.7 12 +04 6.8 + 0.2 0.89 + 0.01 4106 7.1 £0.02

* Month/year of filament preparation and measurement.
* Data given as mean * SD for fitted values.

* Data from Fig. 2.

§ Data from Fig. 7.

1 Data from Fig. 3.

I Data from Fig. 4.
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dence of gross “stop-and-go” filament speeds. Thus the
change in velocity is not an artifact of the method of
analysis. This conclusion does not preclude the possibility
that there is microscopic stop-and-go behavior beyond the
limit of our resolution.

The relation between sliding speed and thin
filament ATPase

Tobacman’s group has measured the rate of actomyosin
ATPase activity as a function of pCa in reconstituted car-
diac thin filaments in several papers (Tobacman and Saw-
yer, 1990; Tobacman and Lee, 1987). The results of these
studies showed that the actomyosin ATPase rate had a
pCasq of 5.7-6.0 and a Hill coefficient of 1.7-2 at 25°C, pH
7.06, and ionic strength of 31 mM. Our results to this point
have been obtained at a higher ionic strength (50—100 mM)
and pH (7.4). To determine the extent to which the mea-
sured ATPase corresponded to the filament sliding speed,
we measured filament sliding velocity under conditions
essentially identical to those used in previous ATPase stud-
ies (Tobacman and Sawyer, 1990). The results in Fig. 7
show three significant features. First, the sliding speed is
substantially reduced at lower pH and reduced ionic

strength, two factors that have previously been shown to
depress filament sliding speed (Homsher et al., 1992). Sec-
ond, both the fraction of filaments moving and filament
sliding speed exhibit a pattern similar to that seen in studies
at higher pH and ionic strength (a pCas, of 6.5-6.9 and a
higher Hill coefficient (2.2) for the fraction moving than
that for filament sliding speed). Thus S; has little correlation
with the actomyosin ATPase-pCa curve. The relationship of
fraction of filaments sliding smoothly to pCa is shifted to
the left by about 1 pCa unit compared to the actomyosin
ATPase-pCa curve. The data thus suggest that the filaments
will be sliding at a nearly maximum speed when the ob-
served ATPase is less than 20% of maximum.

Table 3 contains a summary of the variation of velocity
and fraction of moving filaments as a function of pCa at
various ionic strengths and preparations. The number of
filaments analyzed for each of these preparations was
greater than 1273. The results are qualitatively consistent
with each other.

Calcium dependence of filament sliding speed

The reduction in filament sliding speeds at very low calcium
concentrations in an apparently calcium-dependent fashion
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motility assays at pCa 5 (@), pCa 6 (V), and pCa 7 ((J). The solid lines are
least-squares fits to Gaussian distribution for the data. The Gaussian fits
(mean, number of observations, and SD) were not significantly different
from the means and SD computed from the filament velocity.

10 12

is not predicted by the notion of cross-bridge recruitment
and seems better fit by the idea of kinetic regulation of the
cross-bridge cycle (Julian, 1971; Brenner, 1988). There are
at least four hypotheses that could account for S;’s depen-
dence on pCa. First, it may be that weakly bound cross-
bridges contribute to a drag force, slowing filament move-
ment. As [Ca*?] declines, fewer cross-bridges are strongly
attached and pulling on the thin filaments, and thie number
of weakly attached cross-bridges increases. Thus at low
calcium concentrations the “drag” force of weakly attached
cross-bridges might constitute a retarding force, opposing
force-generating cross-bridges pulling the thin filaments
axially (the “weak binding drag” hypothesis). A second
possibility is that at low calcium concentrations so few
cross-bridges attach and pull on the thin filament that the
filament simply cannot move at the maximum rate. This
idea assumes a modest average cross-bridge throw
(~10-20 nm) and a short duty cycle (the fractional time
during which a cross-bridge is attached to and pulling on the
thin filament per ATP split [2—-10 ms/ATP split]). If a single
cross-bridge can attach and pull on the thin filament 25
times per second, then one cross-bridge will move the
filament at 250-500 nm/s; two cross-bridges acting inde-
pendently would propel the filament at twice this velocity
(500-1000 nm/s), three at ~750-1500 nm/s, and so on.
This hypothesis might be called the “limited cross-bridge
number” hypothesis and can be described by equations
derived by Uyeda et al. (1990). A third possibility is that the
cross-bridge cycle rate (the number of times per second an
S-1 molecule can attach, pull, and detach from a thin fila-
ment) is regulated by [Ca*?]. According to this “cross-
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FIGURE 7 §; (@) and fractions of reconstituted thin filaments at an ionic
strength of 31 mM moving at uniform velocity (M) and moving erratically
(O) at various pCa. Least-square fits to the Hill equation for S; gave the
maximum S; as 1.3 = 0.65 punvs, a Hill coefficient of 0.6 = 0.2, and a
pCag, of 6.5 = 0.2; comparable values for the percentage of filaments
uniformly moving were 84%, Hill coefficient of 2.9 = 0.9, and pCag, of
6.6 = 0.1. The sliding speed at pCa 9 is the mean from four smoothly
moving filaments of 137 observed. The number of filaments observed at
pCa 9,7, 6.5, 6, 65.6, and 4 were, respectively, 137, 137, 325, 153, 199,
225, and 97.

bridge cycle rate” hypothesis, the reduction in S; is a reflec-
tion of calcium control of the cross-bridge cycling rate, not
the number of cross-bridges interacting with the thin fila-
ments. The fourth possibility is that the regulatory proteins
bound to the thin filament may interact with proteins bound
to the nitrocellulose surface in a fashion that provides a
“drag” or “load” against which the cycling cross-bridges
must work. This hypothesis might be called the “regulatory
protein drag” hypothesis.

These hypotheses can be experimentally distinguished
from each other. If the nitrocellulose-covered motility sur-
face were coated with HMM at a concentration 10 times less
than that used in the previous studies, the four hypotheses
described above would make the following predictions
about the change in the pCa-S; curve. According to the
“weak binding drag” hypothesis, both the number of weak
binding (retarding) and pulling (propelling) cross-bridges
will be reduced by the same extent, so that the pCa-S; curve
would not be affected by the reduction in cross-bridge
density. The “cross-bridge cycling rate” hypothesis also
predicts no change in the sliding speed-pCa curve if it is
only the cross-bridge cycling rate that is regulated by the
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pCa. The “limited cross-bridge number” hypothesis predicts
that the pCa-S; curve will be shifted to the right at the
reduced HMM concentration because as the pCa rises, the
point at which the number of cross-bridges needed to pull
the filaments at a specific velocity would be reached is at a
higher [Ca™?] or lower pCa. This assumes that the reduction
in HMM surface density is not sufficient to produce a fall in
the maximum velocity (Uyeda et al. (1990) find no change
in the maximum velocity for filaments >1 pum in length
until the [HMM] is reduced to less than 20 ug/ml). The
“regulatory protein drag” hypothesis also predicts a right-
ward shift in the pCa-S; curve and possibly a reduction in
the sliding speed at low pCa. These hypotheses were tested
by measuring the fraction and rate of thin filaments sliding
on a surface equilibrated with HMM at 300 pg/ml and 30
pg/ml. The results of these experiments are shown in Figs.
8 and 9. In Fig. 8 the fraction of filaments moving is plotted
as a function of the pCa. At a pCa of 5 the fraction of
filaments moving on the surface is same in the two differ-
ently coated surfaces. However, as the pCa is progressively
raised, the number of moving filaments on the less densely
covered surface declines, reaching 50% at a pCa of 6.5,
whereas that of the more densely covered surface required a
rise of pCa of 7.2 to achieve a comparable decline. A
similar, although less pronounced behavior is seen in the
plots of filament sliding speeds (Fig. 9); i.e., the maximum
sliding speed is unaffected by the dilution of the HMM
surface, but the pCa-S; curve is shifted to the right by about
0.2 pCa units on the surfaces containing the reduced density
of HMM. Such behavior is consistent with the “limited
cross-bridge number” hypothesis. This result is similar to a
cross-bridge “recruitment” hypothesis for the regulation of
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FIGURE 8 Fraction of filaments moving (uniformly, not moving, and
erratically moving) at 100 mM ionic strength, 300 ug HMM/ml (@, V, B)
or 30 pg/mol (O, V, [). On decreasing the HMM from 300 to 30 ug/ml,
the fraction of smoothly moving filaments as a function of the pCa (from
least-squares fits to the data) declined from 95 * 1 to 90 * 8, the Hill
coefficient from 4.8 = 1.5 to 2.2 * 0.9, and the pCas, from 7.1 * 0.02 to
6.5 * 0.1 (means * SD).
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FIGURE 9 Speed of filament movement at ionic strength of 100 mM,
300 ng HMM/ml, or 30 pg/ml. On decreasing the HMM from 300 to 30
wg/ml, the fitted maximum filament speed increased from = 6.4 = 0.40 to
6.5 * 0.4 umvs, the Hill coefficient changed from 1.5 + 0.7 to 1.3 + 0.3,
and the pCas, changed from 6.85 * 0.08 to 6.7 = 0.08 (means * SD).

muscle contraction. The fact that the fraction of moving
filaments shows a reduced Hill coefficient and weaker
pCas, when the HMM surface concentration is reduced may
suggest that strongly bound cross-bridges play a role in
turning on the thin filaments.

DISCUSSION

Four primary observations made in these experiments were:

1. Exogenous Tm/Tn (at 100 nM) must be added to the
motility assay buffer to secure complete calcium regulation.

2. The fraction of regulated filaments moving is a highly
calcium-dependent aspect of thin filament movement. The
fraction of filaments moving uniformly decreases from
>90% at pCa 5 and 6 to near zero within 0.5-1.0 pCa unit.

3. St is a function of pCa, and the dependency is nonco-
operative (Hill coefficient = 1.0).

4. Thin filament motion still occurs under conditions in
which the calcium occupancy of the TnC regulatory sites is
relatively low (Tobacman and Sawyer, 1990).

Fraser and Marston (1995) have varied the relative con-
centrations of actin, Tm, and Tn to examine their effects on
calcium regulation of S;. They found that a mixture of
actin:Tm:Tn (100 nM:100 nM:50 nM) yielded clear-cut thin
filament calcium regulation when the filaments were added
to the motility assay at 1/10 of their original composition.
They also showed in centrifugation studies that about 85%
of the regulatory proteins remained bound to the thin fila-
ment pellet even after dilution. However, the fact that con-
siderable thin filament motility remained in Fraser and
Marston’s (1995) thin filaments and in our native thin
filament and reconstituted thin filament preparations in the
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absence of exogenous free regulatory proteins suggests that
it is likely that the regulatory proteins dissociate from the
thin filaments at low concentrations existing in the motility
chamber during the washing and assay solutions. That reg-
ulatory proteins are still functional in our preparations is
shown by the presence of regulatory thin filaments attached
to HMM-coated slides, which exhibited incomplete regula-
tion in the absence of added regulatory proteins. However,
to obtain complete regulation we found it necessary to
provide Tm and Tn in the motility solution at 100 nM to
optimize the likelihood of regulatory protein binding to the
thin filaments bound to the slide. Studies of Tm/Tn binding
to actin (Dahiya et al., 1994) indicate that 100-200 nM
Tm/Tn is required to saturate the thin filament with the
regulatory proteins, at least under the high ionic strength
(0.3 M KCl) conditions of these earlier experiments. The
observed binding was very cooperative, and little Tm/Tn
was bound when the concentration was 10 nM, as evidenced
by the incomplete regulation. Other work indicates that the
affinity of Tm/Tn for actin increases as the ionic strength is
lowered (Butters et al., 1993), so it could be anticipated that
the present experiments, performed at a much lower ionic
strength, would require a Tm/Tn concentration of less than
200 nM. The suppression of all movement at pCa 9 in 100
nM Tm/Tn thus becomes a functional test of the adequacy
of the exogenous protein regulation of the thin filaments.
In these studies the fraction of smoothly moving filaments is
dependent on the calcium concentration, an observation also
made by Fraser and Marston (1995) in regulated skeletal
filaments but not previously noted by others (Honda and
Asakura, 1989; Harada et al., 1990; Sata et al., 1995). If the
18% of the filaments moving at pCa 9 in Fraser and Marston’s
work (1995) are taken as unregulated and moving at all pCa,
then the fraction of uniformly moving filaments can be fitted to
a Hill plot with a Hill coefficient of 1.2, a pCag, of 6.0, and a
maximum fraction of moving filaments of 76%. These data
differ from the results presented here in that the average Hill
coefficient observed above was 4.1 and the average pCas, was
6.7 for the results in Figs. 2, 3, 6, and 7. This behavior is more
in line with the reports of Honda and Asakura (1989) and
Harada et al. (1990), who reported steep relationships between
the filament sliding speed and pCa (if filaments are moving at
maximum speed at pCa 6.0 and not moving at all at 6.5, the
number of moving filaments must subject to substantial coop-
erativity). This behavior stands in contrast to the more gradual
decline in acto-S1 or acto-HMM ATPase rates, which decline
from maximum values from pCa 4.5 to near zero at 6.5
(Tobacman and Lee, 1987). This result suggests, as would be
predicted from Huxley’s view of unloaded shortening velocity
(1957), that the unloaded shortening velocity and hence the
number of filaments sliding in our assay would be relatively
independent of the number of cross-bridges attached and cy-
cling. This result is not a consequence of our “definition” of a
uniformly moving filament as that having a ratio of SD/mean
of <0.5, for two reasons. First, if the definition of uniformly
moving is relaxed to include filaments whose SD/mean is <2,
the same basic observation about the fraction of smoothly
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moving filaments and the pCa is made. Second, that more than
80% of the filaments in our assay systems move at a uniform
speed at pCa < 6 implies that the preparation itself is uniform
and little affected by normalization idiosyncrasies.

The variation of the filament sliding velocity with pCa
has not been observed by others, aside from Fraser and
Marston (1995), who attribute the variation in filament
velocity to a “separate Ca*? dependent process,” i.e., a
process separate from the control of the number of filaments
moving. It may be that their observation of a variation of
filament velocity was made possible by the fact that they
objectified the filament speed analysis by selecting, before
the fact, the specific filaments whose movement would be
analyzed and used only those sections of the recordings that
showed continuous movement. This procedure is akin to the
methods used in this work. However, the difference in our
observations and those of Honda and Asakura (1989),
Harada et al. (1990), and Sata et al. (1995) is more funda-
mental than a simple difference in data analysis. The slow-
ing of filament sliding speed at higher pCa is obvious
without analysis and is clearly identified in Fig. 5. The
reason that this variation in sliding speed was not noted by
others may be a consequence of the ionic strength or not
including exogenous Tm/Tn used in the various assays
using reconstituted regulated thin filaments. In Table 3 we
summarize our experience with the regulation of filament
sliding velocity at various ionic strengths. One could spec-
ulate that at lower ionic strengths, such as 50 mM or less,
the number of filaments moving decreases steeply with pCa
(average Hill coefficient = 3.6), and at a pCa at which the
number of filaments moving is large (pCa 6), the filament
sliding speed is nearly maximum (see Figs. 4 and 9). How-
ever, when the filament sliding speed does drop signifi-
cantly, such as at pCa 6.5, the fraction of filaments moving
uniformly has dropped to 3-12%, so one could conclude
that the filaments that were still moving were only partially
regulated or were subject to diffusional movement. Only
when these filaments are tracked carefully does one find
that they are moving at a slower but uniform speed. At
higher ionic strength (100 mM; Fig. 8), this change is
clearly seen, because at a pCa at which significant numbers
of filaments are still moving (pCa 7; >60%), the sliding
velocity has declined to 30-50% of that seen under full
calcium activation. The calcium dependence of S; is also
seen in NTF at low ionic strength, although in this case the
data were more scattered and the number of erratically
moving filaments was rather high (20—40%) at intermediate
pCa. The experiments at reduced cross-bridge head concen-
trations suggest that the reduction in sliding velocity is a
consequence of a reduction in the number of cross-bridge
heads per unit thin filament length needed to produce max-
imum sliding velocity as opposed to an actual modulation of
the cross-bridge cycling per se. Fig. 9 also raises the pos-
sibility of a cross-bridge-mediated cooperativity in the reg-
ulation of the number of thin filaments moving, by virtue of
the reduction of the Hill coefficient from 4.76 at higher



Homsher et al.

HMM density as compared to the Hill coefficient of 2.15 at
the lower head density.

Finally, the pCas, for both the number of moving fila-
ments and filament velocity averages 6.7 for all of the data.
The data previously published regarding the effect of cal-
cium on ATPase rate and pCa indicated a Kapp of 54, a
difference of 1.3 pCa units (Tobacman and Sawyer, 1990).
A similar difference is seen in force-pCa curves of bovine
ventricular tissue in which the pCaS0 is 5.35 (Barth et al.,
1995). These differences can be explained by our interpre-
tation of the variation of filament sliding velocity with pCa.
A 1-pm length of actin filament contains ~360 g-actin
monomers with which the S-1 heads could interact. If one
assumes that the cross-bridge throw (d) is 10 nm (Uyeda et
al., 1990), that the cross-bridge stays attached during the
power stroke for 2 ms (z,), and the maximum ATPase rate at
25°Ciis 25 s~ ! (k) per S-1 (White and Taylor, 1976), then
the equation relating the S; to the number of attached
cross-bridges (V) (Uyeda et al., 1990) is

Sf = d/ts X (1 - (1 -t X kcat)N)

Solution of this equation for differing numbers of cross-bridges
attached to the thin filament shows that the speed is 0.95 of the
maximum value (5 pm/s for this case) when 58 actin mono-
mers (17% of those/wm thin filament) are occupied by the S-1,
is 0.5 when occupied by 14 cross-bridges (4% of those ac-
tins/um of actin), and is 0.25 when occupied by six cross-
bridges (2% of the actins/um of thin filament). This equation
for S; predicts that relatively few cross-bridges are needed to
propel the filament at nearly maximum velocities. This stands
in contrast to the fact that the ATPase rate and isometric force
would be directly proportional to the number of S-1 cross-
bridge heads free to interact with actin. Thus one expects that
the variation of velocity with calcium would begin to decline at
pCa greater than that seen when measuring the ATPase rate.
Indeed, using a Hill coefficient for the binding of calcium to
regulated thin filaments of 1.16 and a K,,,, of 4 X 10° M~
(Tobacman and Sawyer, 1990), the relationship between S; and
the number of actin monomers activated (N, taken as propor-
tional to the fraction of Tn binding calcium), one can calculate
(using the equation relating S, d, ¢, k., and N) that the
observed relationship between S; and pCa would be one with
a Hill coefficient of 1.26 and a pCas of 7.05, values similar to
those observed in these experiments. An important model of
regulation has been proposed by McKillop and Geeves (1993),
suggesting that a local region of the thin filament can be in one
of three states (block, opened, or closed), that Ca®>* and my-
osin influence the transitions between these states, and that the
open state is required for force production. Our results have not
included measurements of myosin or Ca>* binding to the thin
filament and thus do not provide a test of this model.
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