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Velocities of unloaded muscle filaments are not limited
by drag forces imposed by myosin cross-bridges
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It is not known which kinetic step in the acto-myosin ATPase cycle
limits contraction speed in unloaded muscles (V). Huxley’'s 1957
model [Huxley AF (1957) Prog Biophys Biophys Chem 7:255-318]
predicts that V, is limited by the rate that myosin detaches from
actin. However, this does not explain why, as observed by Barany
[Barany M (1967) J Gen Physiol 50(6, Suppl):197-218], V, is linearly
correlated with the maximal actin-activated ATPase rate (Vpax).
which is limited by the rate that myosin attaches strongly to actin.
We have observed smooth muscle myosin filaments of different
length and head number (N) moving over surface-attached F-actin
in vitro. Fitting filament velocities (V) vs. N to a detachment-lim-
ited model using the myosin step size d = 8 nm gave an ADP
release rate 8.5-fold faster and t,,, (myosin’s attached time) and
r (duty ratio) ~10-fold lower than previously reported. In contrast,
these data were accurately fit to an attachment-limited model, V =
N-v-d, over the range of N found in all muscle types. At nonphysio-
logically high N, V = L/t,, rather than d/t,,, where L is related to the
length of myosin’s subfragment 2. The attachment-limited model
also fit well to the [ATP] dependence of V for myosin-rod cofila-
ments at three fixed N. Previously published Vj vs. V.« values for
24 different muscles were accurately fit to the attachment-limited
model using widely accepted values for r and N, giving d = 11.1 nm.
Therefore, in contrast with Huxley’'s model, we conclude that V, is
limited by the actin-myosin attachment rate.
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n important parameter used to characterize and compare

muscle types is the maximum shortening velocity defined as
the velocity of intact (1) or skinned (2) muscle fibers and myofibrils
(3) shortening under no load (Vj). Any model of muscle con-
traction must be able to quantitatively predict Vj in terms of rate
constants in the acto-myosin ATPase cycle (4). Huxley’s 1957
model of muscle contraction (5), which is still the most widely ac-
cepted model, predicts that Vj is limited by the rate of detachment
of myosin from actin, which is limited by the rate of ADP release
from acto-myosin ((k.ap) (6) or the rate of attachment of ATP
(k1 [ATP]) to acto-myosin (7) (Fig. 14). Stated simply, Huxley’s
model says that muscle contracts only as fast as the myosins at the
end of their working cycle can detach from actin.

In a classic study, Béarany (8) found a linear correlation be-
tween V, and maximal ATPase rates (V. among different
muscle types from organisms of broad evolutionary origin sug-
gesting that V and ATPase are limited by the same kinetic step.
However, it is well established that the ATPase rate (4) in
myofibrils (9) and in purified acto-myosin in solution (4, 10) is
not detachment-limited, but rather is attachment-limited, con-
trolled by Ky-kws = kay (Fig. 14) (4). If V, is attachment-limited,
unloaded muscles will contract essentially as fast as N myosin
heads with a given step size attach weakly to actin and undergo
the powerstroke to the strongly bound state.

The mechanism that limits the velocity of muscle contraction
has been addressed using the classic in vitro motility assay
(IVMA), where actin filaments move over surface-attached
monomeric myosin (11-14) (Fig. 1B). The maximal velocity (V)
is primarily limited by k_sp (15-17) and therefore V¢ = dk_ap.
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However, recent studies show that V¢ exceeds the detachment
limit (18-21) and that factors that specifically inhibit attach-
ment kinetics also slow Vi, suggesting that attachment kinetics
influence V;. The effects of attachment kinetics on V, appear
to be even more significant because V is considerably faster
than V; (16, 22-24), which may indicate that the kinetic steps
limiting V¢ and V|, are not the same. However, it is difficult to
draw firm conclusions because several aspects of the IVMA
may lead to slower velocities: random myosin orientation on
the surface (25), inactive myosin (26), low ionic strength nec-
essary to keep actin bound to myosin (16, 22), the absence of
regulatory proteins (27), and absence of the same geometry as
the muscle lattice.

Because myosin II has a low duty ratio (r) (20, 28, 29), many
molecules are required to generate processive motion. There-
fore, the functional form of myosin in vivo is the filament (Fig.
1D). We have recently introduced an inverted IVMA in which
smooth muscle myosin (SMM) filaments move over surface-
attached actin [Fig. 1E (21)], which more closely mimics the
geometry of a muscle lattice and minimizes surface interactions.

Here, we used this inverted assay to address which kinetic step
limits Vo. We prepared side-polar SMM filaments (21) that,
unlike bipolar skeletal and cardiac filaments, have all heads on
one side of the filament orientated in the same direction (Fig.
1D) (30-35). We examined the relationship between V" and N
because the N dependence of V'is a powerful test to discriminate
between a detachment-limited and an attachment-limited model.
N was reduced at a fixed filament length by making SMM-rod
cofilaments and higher N was achieved by making SMM filaments
with a wide range of longer lengths. We found that within the
range of N seen in essentially all types of myosin filaments in
muscle, V' was linearly related to N, which fits the model where 1
is limited by the ATPase rate (v). As N was increased far beyond
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Fig. 1. Kinetic scheme and various myosin structures. (A) Kinetic scheme for
myosin (M) attachment to actin (A), D = ADP, T= ATP, Pi = phosphate. K,, is
the equilibrium constant for weak binding and ks is the forward rate
constant for the weak to strong transition. See the text for other rate con-
stants. (B) Classic IVMA with actin (green), being moved by myosin heads
(orange) attached to coverslip (blue). (C) Myosin Il molecule. (D) Comparison
of side-polar (smooth muscle) and bipolar myosin filaments (skeletal and
cardiac muscle). (E) Inverted IVMA, myosin filament (orange) moves over
biotinylated actin attached to the coverslip (light blue) via biotinylated PEG
brush (blue) and streptavidin (not shown for clarity) (21).

the physiological N, V" approached an N-independent detachment
limit with V' = L-k_ap (not d-k_ap) where L is the “tether length”
of the region of the myosin tail that is proximal to the heads
known as subfragment 2 (S2, Fig. 1C). We confirmed our findings
by measuring V" at several fixed N (cofilaments) as a function of
[ATP]. These data make sense in the context of the nonlinear
stiffness of full-length myosin II when it is measured within a
myosin filament (36, 37).

The equations that fit our data are consistent with the relation-
ship between vyax and V originally shown by Barany (8), leading to
the conclusion that unloaded muscles contract at velocities that are
limited by their respective ATPase activities (attachment-limited).

Results and Discussion

Characterization of Filament Preparations. The objective of this
study was to measure velocities of SMM filaments containing
different numbers of heads. To vary the number of heads we used
100% SMM filaments [Fig. 24 (21)] and SMM-rod cofilaments
(Fig. 2B). Electron micrographs showed that both preparations
are side-polar as evidenced by the S1/S2 regions projecting con-
tinuously along the filament backbone (black arrows). Comparison
of many images revealed no major differences in structure aside
from fewer myosin heads in cofilaments.

The length, /, distributions measured from electron micro-
graphs of the cofilament preparations (26%, 51%, 75% SMM)
are shown in Fig. 2 E-G. We estimate that due to the side-polar
structure, only one side, or 1/2 of the heads, is able to interact
with actin in the inverted motility assay (21). This can be seen
directly in movies (Movie S1) where the moving filaments appear
to interact with actin along their full length. Therefore, N was
defined as the number of heads per filament side. Because side-
polar filaments have 4 myosin molecules (8 heads) per 14.3-nm
repeat and there are two rods in a full-length SMM molecule (33,
34), N was calculated using Eq. 1, giving N = 43 + 12, 93 + 23,
and 144 + 39 for the 26%, 51%, and 75% SMM cofilaments,
respectively.
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Filaments prepared as in Haldeman et al. (21) (Fig. 2C) had an
average length, [,,,, of 0.63 + 0.26 pm (Fig. 2H), giving N = 176 +
72. Longer filaments with a wider length distribution (Fig. 2D)
were prepared under conditions that limited the number of nu-
cleation sites during assembly, giving an average length of 2.0 +
0.81 pm (Fig. 2I). The lengths of these filaments were measured
during the motility assay (Materials and Methods) and N was
calculated using Eq. 1 except that /,,, was replaced with /, the
length of each moving filament.

Inverted Motility Assays Varying N at Saturating ATP. Inverted mo-
tility assays (see Movie S1, for example) were performed at
saturating ATP (1 mM) and filament velocities were plotted
against the calculated estimate of N (Fig. 3). The gray triangles
each represent one 100% SMM filament of measured length
moving at a velocity calculated from a single trajectory. Although
filaments with n > 600 heads were observed moving, those ve-
locities were not used because the longer filaments tended to
interact with multiple actin filaments simultaneously. The orange
point is from ref. 21 and the remaining colored points are for the
cofilaments, which are the average +SD for both length and
velocity because of the relatively narrow length distributions
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Fig. 2. Characterization of filament preparations. (A and B) Electron micro-
graphs of negatively stained rhodamine-labeled and EDC cross-linked 100%
SMM filaments from ref. 21 and 26% SMM cofilaments, respectively. (Scale
bar, 100 nm.) Arrow heads point to S1/S2 regions projecting from filament
backbone. (C and D) TIRF microscopy images of rhodamine-labeled, EDC cross-
linked 100% SMM filaments from ref. 21 corresponding to H and 100% SMM
filaments corresponding to /, respectively. (Scale bar, 5 pm.) Arrow heads point
to individual filaments. (E-/) Length distributions of 26% SMM cofilaments
(E, red), 51% SMM cofilaments (F, blue); 75% SMM cofilaments (G, green);
100% SMM filaments (H, orange); and variable length 100% SMM filaments (/,
gray). Colors match points in Figs. 3 and 5. /,,4 and N, + SD are indicated.
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Fig. 3. N dependence of SMM filament velocities moving in the inverted
motility assay at 1 mM ATP. Red square, 26% SMM cofilaments; blue diamond,
51% SMM cofilaments; green triangle, 75% SMM cofilaments; orange circle,
100% SMM filaments. All colored points, n = 10. Gray triangles, 100% SMM
filaments (Fig. 2/) (total n = 82). Fit to Eq. 2, dashed line (see the text). Fit to
Egs. 5 and 7, solid sloping line and solid horizontal line, respectively. The break
between the two lines is Noq = 330 heads. Fits were determined using a
Levenberg-Marquardt nonlinear least-squares parameter optimization method.
See Table 1 for the fixed parameters and results of the fit. Detachment-limited
prediction (Eqs. 2-4; see the text), dotted purple line, using k.ap = 2157, ke =
0.49 s per head™, r = 0.023, t,, = 0.048 s, and d = 8 nm.

(Fig. 2 E-H) and the inaccuracy of measuring shorter lengths by
total internal reflection fluorescence (TIRF) microscopy.

Fitting Data in Fig. 3 to the Classic Detachment-Limited Model. Using
the classic IVMA, investigators have varied N by varying the
density of monomeric myosin on the surface and the length of
the actin filament (38); these results fit well to a detachment-
limited model [Eq. 2 (39)], where r is the duty ratio defined by
Eq. 3, t,, is the average attached time defined by Eq. 4, and the
other rate constants are described in Fig. 14.
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The fit of all of the data in Fig. 3 to Eq. 2 with d fixed at 8 nm (36)
is shown by the dashed line, giving R* = 0.81, k,;, = 0.75 s, kqp =
179574, r=0.0042, and t,,, = 0.0056 s. Although the fit is good, the
resulting values are unreasonable for SMM. Other studies have
found that r for SMM is ~0.05 (reviewed in ref. 40) and ¢,,, = 0.047 +
0.012 s (41). Our measured values in solution for these SMM
filaments in the same buffer and at the same temperature are
0.49 s" per head™! for ATPase at saturating actin, which is an
estimate of k,,, and 21 + 3 s~ for k_p (21). Therefore, fitting the
data in Fig. 3 to a detachment-limited model (Eq. 2) requires k_4p to
be 8.5-fold higher and ¢,,, and r to be ~10-fold lower than previously
reported. The predicted velocity dependence on N using the above-
published values and Eqs. 2—4 is shown by the dotted purple line in
Fig. 3. This analysis indicates that the conventional detachment-
limited model, presumably limited by the rate of ADP release,
does not accurately fit the N dependence of V in Fig. 3.

We considered whether or not an increase in the rate of ADP
release could account for the data in Fig. 3. Veigel et al. (42)
showed that a load placed on an SMM head in the direction of
motion results in an accelerated ADP release rate. According to
their analysis, an ~8.5-fold increase in the ADP release rate
would require an ~3.3-pN force. However, because the myosin is
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in the filamentous state, and not interacting with the coverslip
surface, and the S2 region has been shown to be very flexible
relative to the head (36, 37), it is free to bend or buckle, trans-
mitting little force on the attached myosin head over a distance <
twofold the length of the S2. To generate a force of ~3.3 pN, the
head would need to be pulled ~65 nm (36). This would only
occur once velocities were fast enough for the head to be pulled
that far before detaching. For example, at I = 0.72 um s~" (or-
ange point, Fig. 3), accounting for the acceleration in ADP re-
lease due to strain (42), the head would only be pulled ~17 nm
before detaching. For a head to be pulled the ~65 nm needed to
accelerate ADP release to 179 s~ (see above), the filament
would need to be moving at ~10 pm s~%, a velocity that is never
reached in our data (Fig. 3). This suggests that acceleration of
ADP release does not account for the data in Fig. 3.

Fitting Data in Fig. 3 to an Attachment-Limited Model. To explain
our data, we propose the model illustrated in Fig. 44. The
flexible S2 region allows SMM filament velocities to be limited
solely by k,,, (Fig. 44, frames 1-5), until with increasing N, a high
enough velocity is reached to pull an attached head to the end of
the S2 tether (frame 6), resulting in a drag against driving heads.
Based on Kaya and Higuchi’s work (36, 37), the S2 tether length,
L, or the length over which the S2 region can be pulled back
without exerting resistive strain, is ~60-70 nm for skeletal my-
osin, and should be similar for SMM. This is radically different
from the detachment-limited model (Fig. 4B), where a single
head attached to an actin filament limits velocities (this would be
the case if the S2 region is hampered by surface interactions).

According to an attachment-limited model there are no forces
that resist filament sliding and so V'is determined by the number
of working steps of step size, d, per unit time. Thus, N myosin
heads that each take a step at a rate v (ATPase rate) can move
relative to the actin filament at a speed V" according to Eq. 5
(attachment-limited).

1 1 1 -
V=Nwv-d=N-|—+—+——— -d, if N<N,, [5]
(kazz k_ap kr[ATP ]) q

The attachment-limited situation is valid as long as V' is slow
enough so that a head attached for a time #,, does not reach
the end of the S2 tether of length L as explained in Fig. 44, or
when V' = Nv-d < L/t,,. We refer to this critical value of N as N,
according to Eq. 6.

L
ton-v-d

Neq = [6]

When V' > L/t,,, attached myosin heads reach the end of the S2
tether, and V becomes detachment-limited, which means that an
attached myosin head moves a distance L over its attached time
t,, and cannot move any faster regardless of N, as in Eq. 7.

L
V="1if N>N,

on

Detachment-limited. [7]

Eq. 7 is similar to the classic detachment limit (Eq. 2) with the
important difference that d is replaced by L. Note that the model
described by Eqgs. 5-7 does not require us to specify certain de-
tails, such as the relationship between the two heads or their
attachment positions because it is a kinetic model describing
average behaviors.

The sloping solid line in Fig. 3 shows the fit to Eq. 5 fixing
kap=18s" kr =05 pM_l-s_l, and d = 8 nm, where n < N,,,
and where n > N,,, data were fit to Eq. 7 using the same fixed
values (horizontal solid line). The fit gave v = 0.44 s™!, L = 67 nm,
and r = 0.024 (Table 1), which matches well with our measured
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A Inverted in vitro motility assay
Myosin filaments slide over actin H

40 nm in this example

B Classic In vitro motility assay
Actin filaments slide over
monomeric myosin I

Fig. 4. Comparison of attachment- and detachment-limited models. Actin
(green) affixed to coverslip (not shown for clarity), myosin filament backbone
(orange) with protruding S2 (black) connecting to orange head (only one head
shown). Frame numbers at right. (A4) Hypothetical myosin filament moving in
the inverted motility assay according to attachment-limited model. Working
heads adjacent to one another are not likely (low duty ratio) and are shown as
such only to illustrate the general idea. Frames: 1, no heads are attached; 2,
head 1 attaches/undergoes powerstroke (A/P) moving filament d = 8 nm; 3,
head 2 A/P while head 1 still attached, but head 1 places minimal drag load on
filament due to flexible S2, therefore d = 8 nm once again; 4, head 3 A/P,
buckling S2 of head 1 further and head 2; 5, after head 4 A/P, the S2 region of
head 1 now begins to place some drag load on the filament; 6, after head 5
A/P, the S2 region of head 1 (red) is now fully stretched into a drag position,
placing maximal drag load onto the filament, further heads working will not
move the filament until head 1 detaches (now the filament is in a detachment-
limited situation). The S2 tether length, L, is arbitrarily set to 40 nm. (B) Mo-
nomeric myosin heads in the classic IVMA. S2 (not shown) is interacting with
coverslip (blue). Frames: 1, no heads attached; 2, head 1 A/P giving d =8 nm; 3,
head 2 attaches but d << 8 nm due to load placed on actin by head 1, head 2 is
strained (red) because it cannot undergo full powerstroke.

Ve = 049 + 0.01 57! (21), as well as the previously measured S2
tether length, L, of 60-70 nm (36, 37). Whereas r is twofold lower
than the measured value of ~0.05 (40), others have predicted
based on simulations that r should be twofold less for myosin
ensembles with high N than for monomeric myosin (43).

Note that Eqgs. 5 and 7 do not account for any acceleration in
ADP release that occurs as the myosin head is pulled in the di-
rection of motion. Although this likely does occur, incorporating
strain dependence of ADP release into our model using values
from Veigel et al. (42) and Kaya and Higuchi (36, 37) resulted in a
twofold decrease in L with no change in other parameters. For this
reason, and to keep the model relatively simple, we assumed that
k_4p was unaffected by strain.

Inverted Motility Assays Varying ATP at Fixed Numbers of Heads. To
further test our model, we performed inverted motility assays with
the cofilaments (Fig. 2 E-G) and 100% SMM filaments (Fig. 2H)
at varying [ATP]. The data were fit (Fig. 5, lines) to the reciprocals
of Egs. 5 and 7 with ATP as the independent variable, which
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results in Egs. 8 and 9 where ATP,, is the ATP concentration at
which the two functions are equal, given by Eq. 10.

11 1 1 1y .
Ew (k_AD+ o ATP]+E)’ if [ATP] < [ATP],,  [8]
1 1 1

V- (L-k_ap) T -kr[ATP] if [ATP]>[ATP], [9]

kr 3 L-kr
k_ap  ka((L—d)-N)

ATP,, = [10]

The resulting parameters for the fits are in Table 1. All R? values
were above 0.95 and provided v, L, and N values within twofold
of the expected results obtained from the data in Figs. 2 and 3 as
well as our measured value of v,,,.. As predicted by our model,
filament velocities were detachment-limited at low ATP, and
attachment-limited at high ATP.

An Attachment-Limited Model is Consistent with Previously Reported
Measurements of ATPase and V, in Muscle. Fig. 6 shows the re-
lationship between maximal actin-activated ATPase (v,,,,) and
Vo for muscle fibers for which both parameters have been
measured under similar conditions. The line shows the fit of
these data to Eq. 5 using n = 300 (28, 44), and r = 0.025. In this
case N is the number of heads per half-sarcomere in a single
myosin filament because filaments are bipolar (Fig. 1D). The
resulting fit (R* = 0.96) gives d = 11.1 nm, which is within the 6—
12-nm range of measured values for muscle myosins [(36, 42);
reviewed in ref. 40]. Also, we can estimate the N,, for muscles in
which k_4p has been measured or estimated and compare that to
the actual N. For example, in frog sartorius muscle, k_4p is ~250—
300 s~!, which gives N, ~400-480, well above the actual N of
300. Similarly in rat cardiac muscle, k_4p = 93 st (45) gives N =
750. This predicts that muscles operate well within the attachment-
limited regime during unloaded shortening. Note that Fig. 6 does
not include any smooth muscles because they are not organized
into sarcomeres of uniform length (46).

Although the equivalent experiment of varying N by changing
filament length cannot be done in muscle, classic studies (47, 48)
have examined the relationship between Vj and sarcomere length.
Whereas there is minimal change in V, over the physiological
range of filament overlap, consistent with the Huxley model, it is
widely recognized that passive compressive forces can compensate
for reduced effective N at longer lengths and passive resistive
forces can compensate for increased effective N at shorter lengths.
Therefore, the results of these studies are not necessarily in-
consistent with our model.

Table 1. Results of fitting data in Figs. 3 and 5
ATP dependence of V (Fig. 5)"

26% 51% 75% 100%
Parameter Vvs. N (Fig. 3)* SMM SMM SMM SMM
v,s" 0.44 0.88 0.48 0.49 0.49
Katt, s~ 0.45 0.91 0.49 0.50 0.50
L, nm 67 36 40 46 60
N, fitted N/A 54 114 144 188
Nave ¥ N/A 43 +12 93+23 144+39 176 +72
R2S 0.74 0.95 0.97 0.95 0.96

Fixed parameters: k.ap = 18 s~ (20), k7= 0.5 yM~"-s™" (20), d = 8 nm (35).
*Fit to Egs. 5 and 7.
*Fit to Egs. 8 and 9.
*Calculated from data in Fig. 2 E-H using Eq. 1. Note similarity to N (fitted).
SAdjusted R2.
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Fig. 5. Plot of 1/ATP versus 1/V for filaments with different N. Data are 26%
SMM cofilaments (red squares); 51% SMM cofilaments (blue diamonds); 75%
SMM cofilaments (green triangles); 100% SMM filaments (orange circles).
Each data set was fit (lines) to Egs. 8 and 9 using a Levenberg-Marquardt
nonlinear least-squares parameter optimization method. See Table 1 for a
list of fit parameters. Each data point, n = 10.

A strength of our in vitro system is that these overlying forces
are not present. Our model accurately describes the relationship
between V, and v,,,, for a wide range of muscle types (Fig. 6).
This suggests that Vj is limited only by the rate that myosin at-
taches to actin (k,,), not by the rate at which it detaches from
actin, as has been previously thought. Our model brings attention
to the importance of the mechanical properties and length of S2
in relation to the speed of muscle contraction. Interestingly, the
length of the S2 region is highly conserved in muscle myosins
(49) and other myosin IIs. This previously unidentified impor-
tance of the S2 region may help explain the phenotypes of car-
diac muscle with familial hypertrophic mutations in the S2 region.
Our results, which are supported by several previous works (18—
21), also suggest that many modifications to muscles that alter Vj,
such as mutations in myosin, or drugs that target myosin, may
alter the rate that myosin attaches to rather than detaches from
actin. Our findings suggest a paradigm in which myosin heads
undergo unloaded “powerstrokes” rather than work in mechani-
cal opposition to each other during contraction, and that mech-
anochemistry is a property of the ensemble of myosins in muscle
(50), not the individual myosin heads.

Materials and Methods

Buffers and Proteins. Filament buffer was 10 mM sodium phosphate, pH 7.0,
5 mM MgCl;, 125 mM NadCl, 0.1 mM EGTA, 1 mM DTT, and 30 nM NaNjs.
Actin, biotinylated actin [5% (wt/wt)], and SMM were as described in ref. 21.
Rods were prepared by papain digestion of SMM (51).

Preparation and Analysis of Myosin-Rod Cofilaments. SMM and rods were la-
beled with NHS-rhodamine (Thermo Scientific) in 20 mM Hepes, pH 7.2, 0.5 M
Nacl, 0.1 mM EGTA, 5 mM DTT, 30 nM NaNj3 (21) and mixed in varying ratios
and dialyzed into DTT-free filament buffer to form cofilaments. To determine
molar ratios of full-length SMM to rod, cofilaments were separated on 4-
20% (wt/wt) acrylamide Tris-glycine gels (Invitrogen), stained and imaged to
quantify the full-length heavy chain and rod densities compared with mixed
standards. Cross-linking with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC), phosphorylation, and ATP removal were performed as
described in ref. 21. Cofilament lengths were measured from electron micro-
graphs (21).

Preparation of 100% SMM Filaments. SMM filaments (100%) prepared as
described in ref. 21 had a narrow length distribution (Results and Discussion).
To prepare longer filaments with a wider length distribution, SMM was la-
beled with NHS-rhodamine and after excess dye was removed by dialysis
into 10 mM sodium phosphate, pH 7.0, 5 mM MgCl,, 500 mM Nacl, 0.1 mM
EGTA, 1 mM DTT, 30 nM NaNs, the SMM concentration was determined
using the manufacturer’s protocol and an E,gy nm (0.1%) of 0.56 for SMM.
The labeled SMM was diluted to 0.5 mg ml~" (2.1-uM heads) in filament
buffer. ATP (Sigma; A3377; 2.5 pM) was added to depolymerize the myosin.
After no more than 5 min, residual filamentous myosin was pelleted for
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15 min at 164,000 x g at 4 °C. The supernatant was removed and incubated
for 3-4 d on ice to allow filaments to assemble slowly from the monomeric
10S-ADP.Pi state. After overnight dialysis to DTT-free filament buffer with
Dowex (Sigma, 217425) in the dialysate to remove ADP, filaments were
cross-linked as described in ref. 21 but the final pelleting step was omitted.
Phosphorylation and subsequent ATP removal were as described in ref. 21
except in 10 mM sodium phosphate, pH 7.0, 5 mM MgCl,, 125 mM Nadl,
3 mM CaCly, 0.1 mM EGTA, 1 mM DTT, 30 nM NaNs. Lengths were estimated
from TIRF microscopy images using the ImageJ line tool and 0.31 pm was
subtracted to account for the point-spread function of fluorescence, de-
termined from the average length difference between electron micrographs
and TIRF images of filaments (21).

Custom Flow Cells. An ~1.8-mm hole was drilled in a 3 x 17" x 1-mm glass slide
(Fisher Scientific, 12-544-1). An ~1-cm piece of 1.8-mm o.d. x 0.055" i.d.
PEEK tubing (IDEX, 1539) was inserted flush with the slide and glued in place
with Norland Optical Adhesive 68 (Norland Products, NOA68) and allowed
to cure with exposure to UV light for 15 min. Two strips of double-sided tape
(3M) on three sides of Biotin-PEG coverslips (21) held it to the slide; one strip
was used on the remaining side to allow fluid to drain. The resulting flow
cell (~80 pl) allowed for immediate imaging after buffer additions.

Inverted Geometry IVMAs. Experiments were at room temperature using a
Nikon TE2000 epifluorescence microscope (Technical Instruments) and a
Roper Cascade 512B camera (Princeton Instruments) with TIRF excitation
at 532 and 488 nm, with 565/40 and 510/20 band-pass emission filters
(Chroma), and a 100x objective. Each field of view was 54 pmz (512 pixelsz)
at 106 nm pixel™". Each step was in filament buffer unless noted otherwise.
Biotin-PEG flow cells were incubated with 5 mg ml~! BSA (Sigma; A3059)
for 2 min, then 4 pg ml™! streptavidin (Invitrogen; 434302) for 15-30 s,
followed by 80 pul of 5 mg ml~" BSA. Alexa 488-phalloidin-labeled 5%
(wt/wt) biotinylated actin (80 pl of 70 nM) in 50 mM imidazole, pH 7.0,
50 mM KCI, 2 mM EGTA, 8 mM MgCl,, and 10 mM DTT was added and
incubated for 4 min. The flow cell was washed once with 80 pl followed by
phosphorylated SMM filaments (80 pl of 25 pg mi~") for 2 min, followed by
80 ul of filament buffer plus 0.5% methylcellulose and an oxygen scav-
enger system (21) with indicated [ATP]. Image sequences (0.1 s) were im-
mediately collected with TIRF excitation (532-nm laser) to monitor moving
SMM filaments for ~1 min followed by a still image of actin filaments
using TIRF (488-nm excitation laser), which was overlaid with the image
sequence of the SMM filaments using ImageJ (Movie S1).

Velocity Analysis of Filament Trajectories. Background fluorescence (if pre-
sent) was removed using the subtract background filter in ImageJ. Filament
motion was analyzed using custom software (52) in which regions of fluo-
rescence were segmented from background by intensity-based thresholding
levels that were determined manually for each movie. Any fluorescent re-
gion with an area less than 10 pixels was not analyzed and the centroid for
each of the remaining regions was calculated (53). Filament trajectories

v
T
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Fig. 6. Relationship between V, and maximal ATPase (vp,ax) for various
muscles. V, data from experiments with muscle preparations are plotted
against the respective ATPase vinax from either solution-based acto-myosin
ATPase (gray) or myofibril/fiber ATPase (red) or both. See Table S1 for a list
of muscle types and references for the values. Where necessary, ATPase was
converted to s~", Vo was converted to pm s~ assuming a sarcomere length of
2.5 um if not given. The line is a fit to Eq. 5 in which V is replaced by Vo, N
was fixed at 300 (half-sarcomere), giving d = 11.1 nm (R? = 0.89).
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were created by linking the centroid positions through a displacement
minimization algorithm. Trajectories with pauses, usually from acute actin
bends, intersections, or bundles, were not included.
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