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ABSTRACT Myosin X is an unconventional actin-based molecular motor involved in filopodial formation, microtubule-actin
filament interaction, and cell migration. Myosin X is an important component of filopodia regulation, localizing to tips of growing
filopodia by an unclear targeting mechanism. The native a-helical dimerization domain of myosin X is thought to associate with
antiparallel polarity of the two amino acid chains, making myosin X the only myosin that is currently considered to form antipar-
allel dimers. This study aims to determine if antiparallel dimerization of myosin X imparts selectivity toward actin bundles by
comparing the motility of parallel and antiparallel dimers of myosin X on single and fascin-bundled actin filaments. Antiparallel
myosin X dimers exhibit selective processivity on fascin-bundled actin and are only weakly processive on single actin filaments
below saturating [ATP]. Artificial forced parallel dimers of myosin X are robustly processive on both single and bundled actin,
exhibiting no selectivity. To determine the relationship between gating of the reaction steps and observed differences in motility,
a mathematical model was developed to correlate the parameters of motility with the biochemical and mechanical kinetics of the
dimer. Results from the model, constrained by experimental data, suggest that the probability of binding forward, toward the
barbed end of the actin filament, is lower in antiparallel myosin X on single actin filaments compared to fascin-actin bundles

and compared to constructs of myosin X with parallel dimerization.

INTRODUCTION

Myosin X is an actin-based molecular motor that is widely
expressed in vertebrate cells (1) and has a diverse set of
functions, primarily acting to mediate traction between actin
and other filament and structural systems (2). Myosin X
contains a MyTH4 domain that binds directly to microtu-
bules and in some organisms is a critical component for
maintaining mitotic/meiotic spindle integrity and orienta-
tion (3,4). The FERM domain of myosin X binds to $-integ-
rin and connects the actin cytoskeleton to the extracellular
matrix, facilitating cell traction and mechanosignaling (2).

Myosin X is a necessary component for filopodia forma-
tion, and the level of myosin X expression influences the
number and length of filopodia generated by a cell (5-9).
Within these structures, myosin X facilitates localization
of integrin at filopodial tips, which may enhance filopodial
stabilization and growth through integrin-extracellular ma-
trix binding (10). On the other hand, it was shown that
myosin X induces filopodia upon dimer formation without
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the tail domain, suggesting that the motor activity of the
myosin X dimer is critical for the initiation of filopodia
formation (7). Supporting this notion, it was shown that
PIP3-induced myosin X dimer formation facilitates filopo-
dia formation (11). Myosin X is also involved in the forma-
tion and stabilization of other actin-based protrusions,
such as invadopodia, that promote cancer metastasis (12).
Myosin X’s role in invadopodia formation makes it a target
for cancer therapy, as silencing myosin X disrupts invadopo-
dia formation and reduces their invasive character (13).
The actin cross-linking protein fascin is another neces-
sary component for filopodial formation (14,15). Fascin
binds along the length of the actin filament, linking fila-
ments together into tightly packed hexagonal parallel
bundles with an ~11 nm spacing (15,16). In filopodia,
fascin-bundled actin aligns with the minus ends of the fila-
ments pointing toward the cell center. Although myosin X
and fascin show no direct interaction, the accumulation of
myosin X at the distal ends of filopodia (17,18) suggests
that myosin X may be recruited to filopodia by a preferential
interaction with fascin-bundled actin. Alternatively, a recent
study suggested that focal adhesion components, including
B-integrin, are involved in the recruitment of myosin X at
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the base of nascent filopodia, thus producing myosin-X-
dependent filopodia formation (9).

Increased processivity of myosin X on actin bundles
compared to that on single actin filaments has been reported
(19-22), but other studies have shown little selectivity (23)
or myosin X constructs that are highly processive on single
actin filaments (24). A consensus regarding bundle selec-
tivity by myosin X has not been realized, in part because
of the use of constructs with different dimerization domains
and a lack of mechanistic understanding as to how myosin
might selectively interact with bundled actin.

Recently, Zhang and co-workers (25) discovered that the
native coiled-coil (CC) domain of myosin X forms an anti-
parallel dimer with a weak 0.6 uM affinity, and the antipar-
allel dimerization has been confirmed in a crystal structure
(22). This would make myosin X the only known antipar-
allel dimer in the myosin superfamily. Antiparallel dimer-
ization introduces an extra hinge and additional 4.7 nm
spacing to the protein contour length between the motor
heads (25). These structural features might correlate with
selectivity of myosin X for bundled actin and explain why
groups using forced parallel dimers of myosin X have
observed strong processivity on single filaments (23,24).

Herein, the processivity of a forced antiparallel construct
of myosin X (APCCMX) is compared to a parallel construct,
and the mechanistically relevant properties of motility are
compared. We hypothesize that antiparallel dimerization
may reduce the processivity of myosin, likely through a
mechanism that disrupts gating of biochemical or mechani-
cal reaction steps. Total internal reflection fluorescence
(TIRF) microscopy is utilized to track the motility of
myosin X dimers formed by different dimerization domains
on both single actin filaments and fascin-bundled actin. We
find that antiparallel myosin X is less processive than parallel
myosin X. On single actin filaments, antiparallel myosin X is
only weakly processive at ATP concentrations below 5 uM,
whereas on fascin-bundled actin, antiparallel myosin X dis-
plays robust processivity. Parallel myosin X is found to be
processive on both single actin filaments and fascin-bundled
actin, showing no significant differences in motility. These
findings suggest that differences in motor dimerization can
alter the preferred track of a molecular motor and may
explain how myosin X becomes concentrated in regions of
the cell rich in fascin-bundled actin.

MATERIALS AND METHODS
Actin preparation

Globular-actin (G-actin) was obtained from rabbit muscle as described (26)
and stored in G-actin buffer (2 mM Tris buffer (pH 8.0), 0.2 mM CaCl,,
0.2 mM ATP, and 0.5 mM dithiothreitol (DTT)). Rhodamine-phalloidin-
labeled F-actin was prepared by mixing 1 uM G-actin with 4x F-actin
buffer (300 mM KCl, 10 mM MgCl,, 40 mM HEPES (pH 7.0)) and
1.1 uM rhodamine-phalloidin (R415; Molecular Probes, Eugene, OR).
The mixture was incubated at room temperature for 10 min, transferred
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onto ice, stored at 4°C, and used within 1 month. M5 buffer solution
(25 mM KCl, 20 mM HEPES (pH 7.6), 2 mM MgCl,, 1 mM EGTA
(E4378; Sigma-Aldrich, St. Louis, MO)) was mixed with 100 ug mL~!
calmodulin (CaM) and 100 mM DTT (M5+) on each experimental day.
Motility assay buffer was prepared by adding the appropriate concentration
of ATP, an additional 100 ug mL~! CaM and 100 mM DTT, and ~20 nM of
the Myosin-QD525 conjugate to M5+ buffer. To delay photo bleaching of
the labeled F-actin, 3 mg/mL glucose, 100 ug/mL glucose oxidase, and
40 pg/mL catalase (G0543; Sigma-Aldrich) were added to the motility
assay buffer immediately before each experiment.

Fascin (a gift from Dr. Dan Safer) was expressed in Escherichia coli and
purified as previously described (27). Fascin-bundled actin was prepared by
mixing 3 uM fascin and 8 uM phalloidin-stabilized F-actin in F-actin buffer
and incubating on ice for 24 h.

Myosins

Three recombinant constructs of bovine myosin X were expressed in and
purified from SF9 cells (see below). To promote the formation of stable di-
mers with the native orientation, the antiparallel coiled coil was extended
by inserting a repeat dimerization motif (two heptads, e.g., 14 residues,
that are critical for antiparallel CC formation) into the sequence following
the single stable a-helical segment and the antiparallel coiled coil (Fig. 1 A,
construct APCCMX). The tandem antiparallel segment of 14 residues
should add an extra ~2 nm spacing between the heads. The C-terminal
tail domains of myosin X were not included, but a c-Myc target sequence
was added at the C-terminus of the constructs for purification and labeling
with fluorescent quantum dots. Two parallel dimers of myosin X were simi-
larly created (Fig. 1, B and D): one containing a leucine zipper (LZIPMX)
CC motif, and one with the mouse myosin V coiled coil (MVCCMX)
following the «-helical segment domain. Cartoons of APCCMX and
LZIPMX are shown in Fig. 1, C and D. More detailed sequence schematics
are shown in Fig. S1.

A Antiparallel

x1Q Parallel
Leucine Zipper

APCCMX
LzZIPmx °

FIGURE 1 Schematics of the different constructs of myosin X. In (A) and
(B), CC and «a-helical domains are shown as cylinders, the motor head is
shown as a green ellipse, and the CaMs are shown as orange ellipses
with white circles. Yellow cylinders indicate native helical domains, and
the following nonyellow cylinders indicate nonnative domains. Dark blue
and red segments are c-Myc and biotin acceptor antigens, respectively,
for quantum dot labeling. The cartoons below depict the antiparallel (C)
and parallel (D) myosin X dimers bound to actin, color-coded as in (A)
and (B). SAH, single a-helical segment.
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To confirm the stabilized antiparallel orientation of the APCCMX
construct and stable parallel orientation of LZIPMX, custom 44-residue
peptides of the CC portion of LZIPMX and APCCMX with single cysteine
mutations located toward the outside of the putative coiled coils were gener-
ated for single-molecule Forster resonance energy transfer (FRET) experi-
ments (Fig. S2 A). Peptides were labeled with a 1:1 ratio of Cy3 maleimide
(donor) and Cy5 maleimide (acceptor) (Sigma-Aldrich) to obtain ~50% of
dimers with complementary FRET pairs. Details of this experiment are in
the Supporting Material. As anticipated, the parallel LZIPMX coiled coil
showed a peak FRET efficiency of ~1.0 consistent with the close proximity
of the donor and acceptor because of the parallel orientation of the coiled
coil (Fig. S2 B). The APCCMX showed a peak FRET intensity at 0.6,
consistent with a donor and acceptor separation of ~5.1 nm, which is
consistent with the anticipated separation for antiparallel dimerization
(Fig. S2 B). Some heterogeneity of FRET efficiency was observed for
both sequences, possibly because of fraying at the short peptide ends or
some misregistration.

S9 cells (6 x 10%) were coinfected with two baculoviruses expressing
M10 heavy chain and CaM, and the infected cells were cultured for
3 days at 28°C. After centrifugation, the cells were resuspended in a lysis
buffer containing 0.1 M NaCl, 50 mM Tris-HCI (pH 8), 2 mM MgCl,,
5 mM EGTA, 1 mM ATP, 0.5 mM phenylmethylsulfonyl fluoride,
10 pg/mL leupeptin, and 1 mM DTT, and homogenized with a sonicator
(Sonifier 250; Branson, Danbury, CT) at the output amplitude of ~1 and
the 50% duty cycle for 60 s. The homogenate was centrifuged at
126,000 x g (Type 70 Ti rotor; Beckman, Brea, CA) for 20 min, and
the supernatant was incubated with anti-FLAG antibody-conjugated
agarose (Sigma-Aldrich) with gentle rotation for 1 h at 4°C. After
washing with a wash buffer containing 0.15 M NaCl, 20 mM MOPS-
KOH (pH 7.5), 1 mM EGTA, 1 ug/mL leupeptin, and 1 mM DTT, the
resin was packed into a column, and the protein was eluted with the
wash buffer containing 0.1 mg/mL FLAG peptide and 12.5% sucrose.
An aliquot of the purified protein was rapidly frozen by liquid N, and
stored at —80°C before use.

Stoichiometry of CaM binding to the myosin X constructs was measured
by calibrated gel electrophoresis as described in (28), using recombinant
human CaM (CALM?2) expressed in E. coli and turkey gizzard myosin
heavy chains as standards. Close to three CaM per heavy chain were bound
(values in legend for Fig. S3). An SDS-PAGE gel confirms the same heavy
chain:CaM ratio for the three purified constructs (Fig. S3).

Quantum dot attachment

QD525 quantum dots from Life Technologies (Q11041MP; Molecular
Probes), conjugated with F(ab’)2-Goat anti-Mouse IgG (H+L) secondary
antibody, were incubated with c-Myc monoclonal primary antibody (Ab)
(631206; Clontech, Mountain View, CA) at a 1:1 ratio and incubated at
4°C for 24 h. Myosin X constructs terminated in the c-Myc target sequence
were then decorated with c-Myc Ab functionalized quantum dots. Myosin
stocks were diluted to ~500 nM with M5+ buffer and incubated at
0.167 uM with 0.67 uM of the Ab-coated quantum dot solution in
7 mg/mL bovine serum albumin (BSA) on ice for >2 h before each exper-
iment. A final ratio of myosin:QDs (~1:8) mol/mol was used to assure that
few quantum dots bound more than one motor.

Motility assay

2 wt % poly(methyl methacrylate) (182265; Sigma Aldrich) films in meth-
ylene chloride (Sigma Aldrich) were spin-coated onto ethanol-washed
cover slips at 5000 rotations per minute for 60 s (29). Flow cells were
constructed creating ~10 uL channels by attaching a poly(methyl methac-
rylate)-coated cover slip to an ethanol-washed glass slide with solvent-free
double-sided tape (3 M, 9731). The channels were then used individually
for motility assays by first flowing in 10 uL of 30 nM N-ethylmaleimide-
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inactivated myosin (30), waiting 5 min, and then rinsing with 10 uL high
salt buffer (500 mM KCl, 10 mM HEPES (pH 7.0), 5 mM MgCl,) plus
10 mM DTT. Actin was then introduced into the chamber by flowing
20 uL of 250 nM phalloidin-stabilized F-actin in M5+ buffer into the chan-
nel. Filaments were allowed to attach for 5 min before the flow channel was
rinsed twice with 10 uL of M5+ buffer and blocked with 10 uL. BSA
(20 mg/mL). BSA was incubated in the channel for 5 min, after which
20 uL of motility assay buffer was added to the flow channel at a final
myosin concentration of ~15 nM.

Quantum-dot-labeled myosin X was imaged using a 405 nm solid-state
laser (Coherent, Santa Clara, CA) under TIRF illumination. The TIRF
excitation field was rotated around the optical axis at 40 Hz to average
out interference fringes in the illumination and create a uniform intensity
field (31) that enhances tracking fidelity.

Video stacks were recorded at 50 ms frame interval for 100 or 150 s
periods using a Cascade-512B electron multiplying-CCD camera (Photo-
metrics, Huntington Beach, CA) and the In Vivo imaging software package
(Thermo Fisher, Waltham, MA). Individually labeled myosin Xs were
localized using FIESTA tracking software (32). Steps were then determined
from the FIESTA position traces by fitting the location along the actin fila-
ment versus time with a step-finder algorithm (33).

Data analysis and display

Statistical significance was determined via a Student’s #-test when p-values
were below 0.01 and indicated by ** for normally distributed data (step
sizes), or a Mann-Whitney-Wilcoxon rank sum for nonnormally distributed
data, the run length and dwell time distributions corrected for multiple
comparisons where applicable. Box plots show mean (square), median
(line), mean =+ standard error (SE) (box), and standard deviation (SD)
whiskers. Plots were generated in Origin 9.0 or QtiPlot. Values for run
length were determined using maximal likelihood estimation, which
accounts for minimal detectable run length (34). Mathcad V14 (PTC,
Needham, MA) was used for kinetic modeling and Monte Carlo (MC)
simulations.

RESULTS

APCCMX: short strides and frequent backward
steps

The step size and backward stepping rates of parallel and
antiparallel myosin X constructs were compared on single
actin filaments at 500 nM MgATP. On single actin fila-
ments, the antiparallel construct (APCCMX Fig. 2 A)
took variably sized steps averaging 32.2 =+ 16.5 nm,
including many short forward steps (Fig. 2 C, blue and
dark blue) and more frequent backward steps (27%)
compared to the LZIPMX parallel myosin X (recordings
in Fig. S4, average forward step size 354 =+ 16.8 nm
(SD), 7% backward steps (Fig. 2 D, dark green). The distri-
bution of forward step sizes of APCCMX in single fila-
ments was well fit by two Gaussian components centered
at 20 and 40 nm (Fig. 2 C; Table 1).

On fascin-actin bundles, the forward step sizes of
APCCMX (Fig. 2 C, cyan) and LZIPMX (Fig. 2 D, light
green) were similar—38.0 *= 13 and 39.0 * 22 nm,
respectively—but the APCCMX was still more likely to
step backward (15%, Fig. 2 F) than the parallel myosin X
(6%, Fig. 2 F). The backward stepping frequency of
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APCCMX - Bundles

FIGURE 2 Representative  trajectories  for
APCCMX on single actin filaments, (A), and fas-
cin-bundled actin, (B). More frequent backward
steps are observed on single filaments. Black data

points are calculated positions of the molecule
along the filament at each 50 ms frame, and the
red trace is a fit by a step-fitting algorithm (Mate-
rials and Methods). (C) shows the step size histo-
grams of APCCMX on single actin filaments
(dark blue) and fascin-actin bundles (light blue)
at 500 nM MgATP; n = 421 and n = 443 steps.
(D) shows the step size histogram for LZIPMX
on single actin filaments (dark green) and fascin-
bundled actin (light green); n = 393, n = 451.
Curves are best fits to double Gaussian distribu-
\| tions (single forward and backward stepping
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APCCMX on actin bundles was significantly reduced
compared to that on single filaments, whereas LZIPMX ex-
hibited similar step sizes and percentages of backward step-
ping on single and bundled actin filaments. The average
forward step size of APCCMX was larger on actin bundles
compared to single filaments because of the reduction of
the number of short steps observed on single filaments.

TABLE 1
Actin Filaments

Step S|ze (nm)

peaks). The histogram of APCCMX on single fila-
ments was best fit by a triple Gaussian distribution
(two peaks for forward stepping; the individual
peaks are shown as blue traces). The short

I APCCMX
[JAPCCMX-Bundles

B LZIPMX (20 nm) steps account for ~36% of the total num-
[T LZIPMX-Bundles ber of forward steps. (E) shows box plots of for-
CIMVCCMX

ward step size at 500 nm [MgATP], showing that
APCCMX steps are shorter on single filaments
than on bundles or LZIPMX on either single fila-
ments or bundles. (F) gives the fraction of back-
ward steps. Error bars represent mean *+ SE,
** represents p < 0.01, and N.S. represents not
significantly different.

For LZIPMX, step size remained the same on single and
bundled filaments.

The stepping characteristics of LZIPMX are similar to those
of myosin V (29). Myosin X dimerized via the myosin V coiled
coil, MVCCMX, exhibited similar stepping characteristics to
the LZIPMX (Fig. S5). The differences between APCCMX
and the parallel dimerized myosin X constructs suggest that

Summary of Experimentally Measured and Fitted Parameters for Myosin X Constructs on Single and Fascin-Bundled

APCCMX Bundles

LZIP Single MVCCMX Single

Construct APCCMX Single
Forward step size (nm) = HWHM 203 £ 9
403 = 16
Backward step size (nm) + HWHM 302 = 15
Backward steps (%) mean + SE 26.6 £ 6.3
Velocity (nm/s) mean + SE 329 £ 2
Dwell time (s) = SD 0.63 = 0.7
VMax (nm/s) mean + SE N/A
Vmax (nm/s) fitted N/A
ky (uM-s)”! N/A
ky (s7h N/A
Ky (uM) N/A

38 + 13 382 = 15 39 £ 22
30 = 15 26.8 = 13 29.1 = 19
147 £ 173 7x5 89 = 35
39.0 = 1.2 29.0 = 1.6 369 = 2.8
0.74 = 0.7 19 £ 1.5 20+ 19
399 = 12 381 = 12 389 £ 12
344 389 393
2.8 39 5.0
15.3 12.5 13.0
54 32 2.6

Forward and backward step sizes are the results of fits to the distributions shown in Fig. 2 measured at 500 nM MgATP. Velocities are the means + SE of the
net displacement/run time for more than 100 trajectories for each construct at 500 nM MgATP. Dwell times (means * SD) at 500 nM [MgATP] represent
>393 dwells for each case. The corresponding distributions are plotted in Fig. 4, A and B. HWHM, halfwidth at half-maximum; N/A, not available.
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the polarity of dimerization may play an important role in
regulating the step size and directionality of myosin X.

APCCMX is weakly processive on single filaments

At 500 nM MgATP run-lengths for APCCMX were shorter
(342 = 24 nm, mean *= SE, Fig. 3 A, blue) on single fil-
aments than on fascin-actin bundles (663 *= 43 nm;
p < 0.001, Fig. 3 A, cyan). LZIPMX exhibited processiv-
ity on both single (run lengths 714 * 33 nm, Fig. 3 A,
dark green) and bundled actin filaments (739 * 46 nm,
Fig. 3 A, light green). On fascin-actin bundles, run lengths
of APCCMX were similar to those of LZIPMX.

Run lengths decreased for myosin X with increasing
[MgATP] from 500 nM to 500 uM, independent of construct
and dimerization orientation (Fig. 3 B). Above 5 uM
MgATP processive runs of APCCMX on single filaments
were rarely observed, consistent with APCCMX being non-
processive on single filaments at physiological [MgATP].
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FIGURE 3 Cumulative distributions of run-length for APCCMX (blue)
and LZIPMX (green) on single (dark colors) and fascin-bundled (light
colors) actin filaments at 500 nM [MgATP]. More than 100 runs were
analyzed in each case. Color key indicates constructs and conditions for
both (A) and (B). (B) shows run-length versus [MgATP] for APCCMX on
single (blue) and bundled (cyan) f-actin, LZIPMX (green), and MVCCMX
(gray) constructs on single filaments. Data points represent experimentally
measured dwell times mean = SE. Solid lines represent fits to the kinetic
model described later.
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On bundles, APCCMX was nearly as processive as parallel
constructs on single filaments.

Parallel and antiparallel myosin X exhibit similar
velocities

The dwell time of APCCMX between steps at 500 nM
MgATP was found to be shorter than LZIPMX, indicating
that the dimerization mode alters the stepping rate of the
motor (Fig. 4, A and B; note different abscissa scales).
Bundling of actin filaments did not have a significant
effect on the dwell times for either APCCMX or LZIPMX
(compare light and dark distributions in Fig. 4, A and B).
Faster stepping of APCCMX compensates for the substan-
tial increase in backward stepping compared to LZIPMX,
leading to similar net velocities of APCCMX and
LZIPMX on single actin filaments at 500 nM [MgATP]
(Fig. 4 O).

The velocity of APCCMX on fascin-actin bundles
(39.0 = 1.2 nm/s) was faster than on single actin filaments
(32.9 = 2 nm/s, Fig. 4 C). The velocities of LZIPMX on
single (29 * 1.6 nm/s) and bundled (26.5 * 1.7 nm/s) actin
filaments were not different from each other or from
APCCMX on single filaments. At 2 mM [MgATP], differ-
ences between the velocities of APCCMX and LZIPMX
were not significant. The maximal observed velocities for
the constructs (Fig. S6; Table 1) were not found to be signif-
icantly different.

Velocity followed a hyperbolic dependence on [MgATP],
saturating between 350 and 400 nm/s for all processive con-
structs (Fig. 4 D). The simplest reaction scheme for satu-
rating dependence of velocity on [MgATP] contains two
reaction steps in series, leading to the mean dwell time
versus [MgATP] given by

1 1 1
- 1
ko l[MgATP] | & M

where k; (M_ls_l) is the second order rate constant for
MgATP binding to a nucleotide-free myosin head and k,
(s7") is the rate of an ATP-independent step, probably
ADP release. In the case for which significant backward
steps are evident, the velocity is given by

(s)[MgATP]

V(MEATP]) = (1~ 2s) 2 B,

(@)

where <s> is the mean step size, fgs is the fraction of back-
ward steps, and Ky; = ko/ky is the [MgATP] at half-maximal
velocity.

Vimax and Ky (Table 1) were obtained (Fig. S7) by fitting
Eq. 2 to the velocity versus [MgATP] data using mean step
size (<s>) and fraction of backward steps (fgs) obtained
from the stepping analysis (Fig. 2). Although V.. is
not different between the processive constructs, a higher
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Ky value was found for APCCMX on fascin-bundled actin.
The value of Ky, on bundles was higher for APCCMX—
5.4 uM, compared to the parallel myosin X values 3.2 and
2.6 uM—which is attributed to a smaller k; and larger k,
of APCCMX compared to parallel myosins (Table 1).
APCCMX was not processive enough at ATP concentrations
above 5 uM on single filaments to obtain V,,,x or Ky by
fitting Eq. 2.

Processive stepping dynamics of myosin X constructs
with parallel (LZIPMX and MVCCMX) and antiparallel
(APCCMX) dimerizing CC regions indicate that the antipar-
allel arrangement reduces processivity on single actin
filaments. This result suggests that bundle selectivity of
myosin X may partly be accomplished by the structural dy-
namics of the tail. On its own, the more frequent backward
stepping of APCCMX on single filaments (Fig. 2, C and F)
would cause a ~30% reduction in the velocity of APCCMX
compared to LZIPMX, but the shorter dwell times (Fig. 4, A
and B) compensate for the decreased directional persistence,
leading to similar velocities of APCCMX and LZIPMX on
single filaments at 500 nM MgATP (Fig. 4 O).

Kinetic model for myosin processivity

A kinetic model for myosin processivity was developed to
discriminate the specific biochemical or mechanical steps
within the reaction pathway of the myosin X dimer that
may be affected by the polarity of dimerization (Fig. 5).
The scheme is an extension of the model described by Elting
et al. (35) used to quantify myosin VI kinetics and to
describe minimal requirements for processivity. Here, we
incorporate backward stepping, which increases the number
of accessible states in the mechanochemical cycle from

9 to 15. The available binding sites on actin in a single ki-
netic cycle are labeled «, §, v, and 6. The net direction of
motility (the plus end of the filament) is to the right. The re-
action sequence begins with both heads bound to actin sub-
units § and v and ADP on each head (state C;). One head
releases ADP, and the molecule enters a state with ADP
(D) bound to either the leading head (state A) or the trailing
head (B;). ADP can be released, or ATP (T) can bind to the
nucleotide-free head, thereby dissociating it. Hydrolysis of
ATP to ADP - P; occurs in the detached head, and then it
can bind in the forward or backward direction, release P;,
and complete a forward or backward step, resulting in state
Ay, By, Ay, or B,, depending on which head has ADP bound.
Fy and F, are singly actin-bound states that are vulnerable to
run termination if ATP binds to the attached head before the
detached one rebinds to actin. G is the detached endpoint of
a run. After a complete step, corresponding reaction steps
continue from states Ay, By, A,, and B, until both heads
detach (state G), ending the processive run. Runs can end
from the nucleotide-free state (E) by head dissociation
without ATP binding. Adding this possibility was motivated
by the relatively high nucleotide-free detachment rate of
myosin X (36). ATPase cycles can occur without stepping
(futile cycling) when the molecule returns to state A; or
B, from C; (two ADPs bound), F, or F;.

For any given set of rate constants describing the transi-
tions from one state to available states, a Markov matrix
(37) specifies the probability of taking a specific reaction
branch to the next state. The full set of equations will be
published elsewhere. Briefly, the relative occupancy of the
15 states after each transition is given by multiplying a vec-
tor describing their occupancy by the Markov transition
matrix. The initial occupancy vector has state C; occupied.
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After a large number of transitions, G (detached myosin)
is the sole occupied state. From the number of transitions
into Ay, Bg, Ay, and B,, the average number of forward
and backward steps are calculated. The net number of steps
(forward steps — backward steps) multiplied by the average
forward and backward step sizes (Fig. 2) determines the run
length. The sum of the dwell times for each state multiplied
by the number of visitations gives the total run time. The
velocity is the net run length divided by the run time.

Kinetic differences for ATP binding and ADP dissocia-
tion between the leading and trailing heads of the dimer
are termed biochemical gating. Preference of the singly
attached head to rebind in the forward direction versus
backward is a type of mechanical gating. Elting et al. (35)
showed that biochemical gating is not essential for two-
headed myosin motors to produce processive motility,
although the mechanochemical reaction scheme they used
to simulate myosin VI did not include allowance of back-
ward steps.

Since our model to describe myosin X incorporates back-
ward steps, asymmetry of the biochemical steps that causes
the trailing head to detach more often than the leading
one or else mechanical asymmetry that favors head reattach-
ment in the forward direction is necessary to obtain plus-end-
directed processivity. Otherwise, symmetry between forward
and backward stepping causes the average run length and ve-
locity to be zero (diffusive motion). Three different steps in
this model were candidates for biochemical or mechanical
asymmetry between leading and trailing heads: 1) ATP bind-
ing, 2) hydrolysis byproduct release (thought to be limited by
ADP release), and 3) bias for a detached head to rebind to
available actin subunits in the forward direction.
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FIGURE 5 State diagram of myosin kinetic cycle
illustrating the predominantly occupied states of the
motor during a mechanochemical cycle that can
result in either a forward step (FS), backward step
(BS), or a futile cycle for each ATP consumed.
Leading and trailing myosin heads are labeled
with nucleotide state: O = nucleotide free (rigor),
D = ADP bound, and T = ATP or ADP - P; bound.
Similar states of the motor are denoted by letters:
A = rigor trailing head, ADP leading head,
B = ADP trailing head, rigor leading head,
C = ADP bound to both heads, D = ADP bound
to attached head and ATP or ADP - P; bound
to detached head, E = both heads in rigor,
F =bound head in rigor and ATP or ADP - P; bound
to detached head, and G = both heads detached, the
endpoint of a run. Numerical subscripts denote
position on actin: 0 = backward, 1 = central, and
2 = forward. Binding sites on actin are labeled
from left to right in plus-end direction of travel:
«a, B, v, and 6. Arrows denote allowable transitions
between states and are color-coded to denote
the biochemical process that occurs for each state
transition: ATP binding, ADP release, myosin
rebinding to actin, or detachment from rigor.

FS.;

To simulate the mechanical characteristics for each
of the constructs studied, approximate magnitudes of the
biochemical reaction rates were taken from biochemical
experiments (36) as listed in Table S1. Fitting the model
simultaneously to the velocity, run length, and backward
stepping data versus ATP concentration measured in our
experiment provides strong constraints to the model param-
eters and yields estimates of the biochemical transition
rates and backward versus forward rebinding for the
myosin X constructs on their respective tracks (Table 2).
Comparing these rates enables a description of how
kinetic alterations between parallel and antiparallel dimer-
ization produce bundle-selective or nonselective processiv-
ity. Cross correlations between model parameters, however,
prevents determination of values by global optimization to
more than two significant figures.

Curves predicted by the fitted model of run length
(Fig. 3 B), velocity (Fig. 4 D), and proportion of backward
stepping (Fig. S8), all versus [MgATP], capture the main
features of the measured ATP-dependence of these parame-
ters. The model predicts that the proportion of back-
wards stepping may depend on the MgATP concentration
(Fig. S8).

APCCMX exhibits reduced gating on single actin
filaments

Rates of the kinetic model fitted to the data for the parallel
LZIPMX and MVCCMX indicate that ADP release and a
bias to rebind in the forward direction are the primary mech-
anisms of gating in myosin X. The overall modeled rates
are compatible with the magnitude of rates measured in



TABLE 2 Table of Parameters Derived from the Kinetic Model

Parallel and Antiparallel Myosin X

kA DPoff-rear kADPnff—fmm kATPnn—rear kATPon—frnnl krebind—fnr krebind—back krigor—detach
Construct s™h s™h (uM~'s™h (M~ 's™h ) s™h s™h
APCCMX 21 21 5.1 2.2 130 110 1.5
APCCMX-BUNDLES 21 7 4.8 1.9 160 100 1.5
LZIPMX 17.4 7.2 2.7 1.6 150 35 1.45
MVCCMX 18 6.4 3.0 1.6 150 45 1.55

Simulated run length, velocity, and fraction of backward stepping versus [MgATP] are plotted in Figs. 3 B, 4 D, and S8, respectively. The kinetic model is

given in Fig. 5.

solution (36) and suggest that the specific mechanisms of
gating are reduced rates for ADP dissociation and ATP bind-
ing to the leading head (instead of accelerating kinetics
of the trailing head) and low backward rebinding rate.
Moderately slower binding of MgATP to the leading head
compared to the trailing head enables the simulation to cap-
ture the peak in the average run length between 0.5 and
2.5 uM [MgATP] (Fig. 3 B).

Because of the high proportion of backward stepping
observed for APCCMX, bias toward forward rebinding is
much less prevalent in APCCMX compared to the parallel
constructs, leading to the ratio of forward to backward bind-
ing rates of 130 s~'/110 s~'. APCCMX rebinds backward
slightly less often on fascin-actin bundles (forward/back-
ward binding rates 160 s~'/100 s'). The parallel constructs
exhibited much stronger bias for forward binding (150 s~/
~40 s ! (Table 2)). The decreased bias toward forward
rebinding in APCCMX may result from the antiparallel
dimerization of myosin X introducing more mechanical
compliance between the heads than the parallel coiled coils,
thereby enabling binding to backward actin subunits. The
reduced step size of the APCCMX on single filaments
suggests frequent binding to actin subunits close to the non-
stepping head. Some of these sites might be blocked by the
fascin-bundling of actin, resulting in the increased forward
binding bias of APCCMX on fascin bundles.

The simulation suggests that APCCMX on fascin-actin
bundles exhibits similar ADP release gating to LZIPMX.
No significant difference in the gating of ATP binding was
observed between the APCCMX on single filaments or
bundles, whereas the rate of ADP release and ATP binding
at the leading head appeared to be less for the parallel con-
structs compared to APCCMX. Gating of ADP release
was eliminated in APCCMX on single filaments for the
model to simulate the observed loss of processivity at high
[ATP]. On the other hand, APCCMX on fascin bundles ex-
hibited similar ADP release gating to the parallel constructs
(LZIPMX and MVCCMX).

Run-terminating detachment from the doubly actin-
bound rigor state (E) was introduced into the model to avoid
run-length becoming infinite as [MgATP] approaches zero.
The apparent value of the rigor detachment rate (1.5 s~ ')
was not found to vary between fits of the model to the
various myosin X constructs. Its magnitude is of the same
order as the 1 s™' rate measured for myosin X subfrag-

ment-1 heads in solution (36) and is much faster than the
corresponding rate for myosin V (38) or myosin II (39).

MC simulations match experimental distributions

The rates extracted from the analytical equations describing
the kinetic model rely on the average values of run length,
run time, and backward stepping versus [ATP]. Probability
distributions of these parameters were simulated using the
fitted kinetic rates in MC simulations (Fig. 6). The simulated
probability distributions agree well with the corresponding
experimentally observed distributions of dwell time, veloc-
ity, and run length (Figs. 3 and 4).

The distributions of 100 simulated run-lengths for
APCCMX and LZIPMX are approximately single exponen-
tial distributions with mean run lengths of 460 = 40 and
830 = 85 nm for APCCMX and LZIPMX, respectively
(Fig. 6 A), similar to the experimentally measured values
of 342 + 24 and 714 =+ 33 nm, respectively, on single actin
filaments.

Simulated velocity distributions are approximately
Gaussian, with APCCMX and LZIPMX exhibiting similar
mean velocities of 29 = 2.3 and 31 = 1.8 nm/s, respectively
(Fig. 6 B), similar to the corresponding measured values of
29.0 = 1.6 and 32.9 + 2.0 nm/s, respectively, at 500 nM
[ATP]. The distribution of velocities is wider for APCCMX
compared to LZIPMX. Because of backward stepping,
APCCMX exhibits some runs with negative velocity in
the MC simulation, predicting that a fraction of molecules
make short runs in the direction of actin’s pointed end.

MC simulations of dwell time distributions also approxi-
mate the experimental data, showing that APCCMX steps at
roughly double the rate of the LZIPMX on single actin fila-
ments exhibiting average dwell times of 0.56 = 0.01 and
091 = 0.03 s, respectively, and for over 1197 dwells in
each case (Fig. 6 C). The distributions are expected to
have rising and falling components versus dwell time
because of the two sequential transitions (ATP-dependent,
kATPon-rears @and ATP-independent, kappoft.rear) required for
each forward step. The main component is an exponential
falling phase, but a very brief rising phase is apparent in
the first bin of both distributions (Fig. 6 C) because of the
ATP-independent transition at ~20 s~ '. The rising phase
is observable in the simulations in which there is a 1 ms
time step but cannot be captured in the experimental
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FIGURE 6 Distributions of run length, velocity, and dwell time at
500 nM MgATP calculated from an MC simulation using the rates (Table 2
from the analytical (Markov) model) for LZIPMX (green) and APCCMX
(blue) on single filaments. (A) Cumulative distribution of run lengths simu-
lated for LZIPMX (dark green) and APCCMX (dark blue). (B) Histogram
of run velocity simulated for LZIPMX (dark green) and APCCMX (dark
blue). (C) Histogram of average dwell times simulated for LZIPMX
(dark green) and APCCMX (dark blue). The inset in (C) shows the cumu-
lative distribution of dwell times. The simulation was repeated for n = 100
runs for each construct.

dwell-time distributions (Fig. 4, A and B), which are limited
mainly by recording frame rate (50 ms). MC-simulated
dwell times are slightly (15-30%) less than experimentally
measured dwell times, which can result from two factors:
short dwells were missed by the 50 ms camera frame rate
in the experiments, and/or some motors exhibited relatively
long stalls (Figs. 2, A and B and S4).

DISCUSSION

Myosin X is the only isoform in the myosin superfamily
whose heavy chains are thought to associate in an antiparallel
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coiled coil and to translocate on actin bundles more effec-
tively than on single filaments. Whether these two unusual
features are related has been the subject of several past studies
without resolution. Our results indicate that antiparallel
dimerization of myosin X (APCCMX) reduces processivity
on single actin filaments compared to artificially parallel di-
mers formed by a leucine zipper insert (LZIPMX) or the
myosin V coiled coil MVCCMX), whereas all three of the
myosins studied here are strongly processive on bundled actin
filaments. Thus, antiparallel orientation of the dimerization
motif does seem to confer bundle selectivity on myosin X.
Studying processive motility by single molecule fluores-
cence techniques requires dilution of the protein into the
nM range in order to reduce fluorescence background inten-
sity relative to the individual labeled motors. Homodimeri-
zation of myosin X heavy chains, though, exhibits relatively
weak affinity (0.6 uM), leading investigators to adopt
various strategies to obtain dimers sufficiently stable for
in vitro motility and processivity assays. Nagy et al. (18)
fused the GNC4 leucine zipper sequence into the native
CC domain, yielding a construct that takes short steps
(18 nm) on both single actin filaments and fascin-actin
bundles and shows much longer run lengths on bundles.
This dimerization domain was later shown to be antiparallel
(21). Sun et al. (23) replaced the native sequence with the
stable coiled coil of myosin V and obtained robust proces-
sivity on both bundles and single filaments, the difference
from Nagy et al.’s study seemingly being caused by slightly
different insertion points. Sun et al. (23) also obtained tran-
sient dimerization of an almost-native sequence by utilizing
actin decoration in the absence of ATP to bring monomers
adjacent to each other and then adding ATP to observe
motility of these proximity-mediated dimers. This approach
followed from cargo- and actin-assisted dimerization exper-
iments in myosin VI (40). The run lengths of these myosin X
transient dimers on single actin filaments at a low (10 uM)
MgATP concentration was approximately half of that
observed with the forced parallel constructs, either because
of dissociation of the myosin monomers or bundle
selectivity. Bao et al. (41) added a leucine zipper closely
following the native coiled coil to generate a processive
myosin X with 36 nm steps and double the processivity on
bundled actin relative to single filaments. Sato et al. (42) uti-
lized full-length myosin X stabilized with a leucine zipper
at the C-terminus. This construct exhibited a wide distribu-
tion in step sizes and a meandering path on fascin-bundled
actin, with nearly 50% of steps directed onto adjacent actin
filaments. The effectiveness of the leucine zipper at the end
of the full-length construct in rigidly stabilizing antiparallel
dimerization, however, was not clear. Ropars et al. (22)
introduced an elegant approach by using a leucine zipper
placed 19 residues beyond the native coiled coil, which
structural studies suggested would stabilize the native anti-
parallel dimerization orientation. This myosin X construct
exhibited a wide distribution of step sizes and a significant



number of backward steps on both single actin filaments and
bundles. It exhibited increased processivity on actin bundles
with double the velocity and run length relative to single
filaments. The velocity of motility on fascin bundled actin
(630 nm/s) was consistent with that measured on filopodia
in cells. Ropars et al. suggested that filament switching in
a bundle and large steps (up to 54 nm) optimize myosin X
for motility on fascin-actin bundles.

Our approach to obtain a stable antiparallel myosin X spe-
cies was to extend the native dimerization sequence by about
half its length by adding two heptads of the native coiled-coil
(14 residues) that are critical for antiparallel CC formation to
reinforce dimerization by improving the affinity. According
to single molecule FRET experiments with short, labeled
dimerization sequences (Fig. S2), this approach was success-
ful, although some heterogeneity of the interprobe distances
was observed in both the parallel and antiparallel designs. On
fascin-bundled actin filaments, we found antiparallel dimer-
ized myosin X (APCCMX) to be strongly processive, exhib-
iting run lengths similar to the parallel constructs. On single
filaments, APCCMX takes shorter average forward steps
(averaging 32 nm, composed of 20 and 40 nm steps) and a
larger number (27%) of backward steps than on bundles of
filaments (38 nm forward step size with 7% backward),
consistent with a loss of biochemical gating in APCCMX
associated with the shorter step size. Dwell times between
steps at 500 nM ATP are shorter for APCCMX than for the
parallel constructs, leading to comparable velocities between
the three constructs on single actin filaments. Neither parallel
myosin X species exhibited appreciable selectivity for
bundles versus single actin filaments.

These findings may help explain the discrepancies among
the groups studying the processivity and bundle selectivity
of myosin X in vitro (18,23,24), as the dimerization do-
mains and orientations of the constructs were different. As
mentioned, recent works have also reported that antiparallel
myosin X takes variable step sizes, including larger ones, on
single actin filaments and also many backward steps
(22,42). The work here supports these findings and advances
understanding by analysis of a two-headed kinetic model
that elucidates the specific alterations of gating mechanisms
causing differences in processivity and bundle selectivity.
Results from this modeling suggest that APCCMX exhibits
reduced gating of ADP release on single actin filaments
compared to the parallel constructs, resulting in increased
backward stepping that strongly impacts its net velocity.

Antiparallel dimerization extends the distance between
the lever arms of myosin X by 5-7 nm and presumably re-
duces rigidity by insertion of an additional hinge in between
the two heads. Compared to parallel myosins, the shorter
steps of APCCMX on single filaments are consistent with
this higher flexibility enabling reattachment of a detached
head to a wider target zone of actin subunits, including
ones on the side of the filament (e.g., seven or eight subunits
along the filament) as well as straight ahead (11, 13, and 15

Parallel and Antiparallel Myosin X

subunits). A shorter span for APCCMX should have several
effects that follow from each other: 1) it should reduce inter-
molecular force between two actin-bound heads, thereby
2) reducing gating (slowing of ADP release from the leading
head), 3) reducing the dwell time between steps, and
4) diminishing coordination that promotes forward stepping
and processive runs. Reduced gating of ADP release on
single actin filaments compared to the parallel constructs,
as suggested by the kinetic model (Table 1), is responsible
for a reduction in velocity and run length with increasing
[MgATP] due to an increased number of backward steps.
APCCMX exhibits increased gating of ADP release (lower
dissociation rate of ADP from the front actin-bound head) on
fascin-bundled actin, leading to robust processive behavior at
high ATP concentrations. Fascin bundles, which present an
array of appropriately spaced binding sites, may enable anti-
parallel myosin X to attain a more regular stride length (e.g.,
36 nm) and improve processivity by blocking the subunits on
the sides of actin. Flexibility increased by the extra hinge
would facilitate shifting to neighboring filaments or even
adopting a “waddling” type of motility on two adjacent fila-
ments. We showed earlier that myosin X follows a left-
handed helical path on unobstructed filaments and bundles
(23), and sideways motions and short steps were detected
in Sato et al. (42) and Ropars et al. (22), all implying filament
switching. These considerations suggest that antiparallel di-
merized myosins are not optimized for motility on single
actin filaments because of the availability of actin subunit
binding sites that disrupt coordination between the heads.
The larger and more consistent strides on actin bundles
enable the molecule to effectively gate its biochemical
reaction rates and maintain processivity. These features are
appropriate for myosin X’s role in establishing and maintain-
ing actin bundles, facilitating production of filopodia, and
targeting cargoes to filopodial tips along the bundled actin.

SUPPORTING MATERIAL
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Figure S1. A, sequence diagram for the APCCMX construct. Stable dimers with the native (antiparallel)
orientation were formed by the addition of a repeat native dimerization motif in tandem following the single
stable a-helical segment (SAH). B, sequence diagram for the LZIPMX construct. Parallel dimers of HMM
Myosin X were formed by addition of a repeated leucine zipper coiled-coil motif (green). Amino acid colors:
orange: small non-polar, green: hydrophobic, magenta: polar, Red: acidic, blue: basic.
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Figure S2. Single molecule FRET data from purified dimerization domains of myosin X. A. Schematic
showing the two coiled coils utilized for dimerization of myosin X (APCCMX, left and LZIPMX, right), where
a single residue in the sequence has been changed to cysteine to enable fluorescent labeling (shown in
red). B. FRET efficiency histograms of the leucine zipper (green) and the extended native coiled-coil motif
(blue). C. Representative FRET traces from the leucine zipper (left) and the extended native coiled-coil
(blue) motifs. Top row, recordings of Cy3 and sensitized Cy5 (FRET) fluorescence intensity as a function
of time. Middle row, direct Cy5 intensity (confirmation of FRET pair co-localization and Cy5 bleaching).
Bottom row, FRET ratio. Traces were selected which show clear Cy5 bleaching (middle row) correlated
with an increase in Cy3 intensity (top row) and a clear single-step Cy3 bleach which confirmed the presence
of Cy3/Cy5 single molecule FRET.
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Figure S3: SDS-Page gel of myosin heavy chains and the calmodulin band. From left to right, MVCCMX,
LZIPMX, and APCCMX, the heavy chain to CaM ratios, according to calibrated gels, are, 2.8 + 0.31,2.8 +
0.4, and 3.0 £ 0.035 respectively (CaM:myosin heavy chain ratio + S.E.M. from at least 3 measurements).
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Figure S4. A, representative traces for LZIPMX on single actin and, B, fascin-bundled actin at 500 nM ATP.
Black points are the position along the actin filament or bundle. The red lines are the output of the step-
finding algorithm.
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Figure S5. A, step size distribution for MVCCMX on single actin filaments at 500nM ATP. Best fit to double
Gaussian distribution (single forward and backward stepping peaks). 721 forward steps and 71 backwards
steps were analyzed. B, Dwell time distribution for MVCCMX on single actin filaments at 500nM ATP.
Dashed line, best fit to double exponential distribution. Neither average step size nor average dwell time
are significantly different from those of LZIPMX measured in this paper.
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Figure S6. Velocity at saturating [ATP]. The saturating velocity was not different between APCCMX and
the parallel myosin X constructs. The first 3 box plots are velocities at 500 uM [MgATP]. The far right box
plot is APCCMX at 2 mM [ATP] where velocity has saturated for APCCMX on fascin-actin bundles. Velocity
of APCCMX on single filaments was not measured at saturating [MgATP] due to insufficient processivity.
Each box represents N > 100 runs.
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Figure S7. Velocity vs. [MgATP].
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The velocity of myosin X increases with concentration of MgGATP and

saturates at 100-500 uM. Data points represent the average velocity from 1-3 experiments and n >50

trajectories per experiment.

Error bars are S.E.M.s.

Solid lines are the fit to Eq. 2 in the text, fitted

parameters are listed in Table 1. Vmax was set to 300 nm/s for plotting the APCCMX curve for single
filaments (blue) because processive runs were not observed at saturating [MgATP].
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Figure S8. Proportion of backwards stepping vs. [MgATP]. Data points are the experimentally measured
fraction of backwards steps at 500 nM ATP + S.D.s. Solid lines are backwards steps predicted by the
mathematic model outlined in the text which also incorporated run length and velocity as constraints. The
model predicts that the fraction of backwards steps changes with [MgATP] as shown.
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Mathematical Model:

The transition of the dimer through biochemically distinguishable states represents a Markov chain: a
random process undergoing memory-less state transitions in which the relative probability of transitioning
into another state depends only on the current state. To track forward or backward translocation events,
the physical position on the actin filament must be distinguished. Four binding sites on the actin filament, o
-4 in Fig. 5, define 11 unique states in the Markov chain and four additional states (identified with boxes)
correspond to completion of a forward (A2 or Bz) or reverse (Ao or Bo) translocation event. When the
molecule completes a hydrolysis cycle, it returns to the corresponding original biochemical state (i.e. A1 or
B1). If the construct enters state G, the run has terminated.

This model enables generating a Markov matrix which defines the probability of transition from between
two states relative to the (unitary) total probability of transition into all accessible states (37). Note that the
Markov matrix does not contain rate constants but instead contains relative probabilities on each transition,
determined by the relative reaction rates. The average dwell time in a state is given by the reciprocal of
the total of all transition rates from that state into its accessible states.

kADPo"—rear kADPoff-iront kATPon-rear kATPon-iron( krebind-for krebind-back krigor-detach

(s?) (s) (uM-s) (uMs?) (s) (s) (s)

23 23 4.4 4.4 100 100 15

Table S1. Rate constants used for initial force-free biochemical transitions of the model of Fig. 5. From (36) and 100 s is an
approximate starting point based on (35), the measured run length of the motor and the estimated ATP hydrolysis rate of >100 s™" in

(36))

Occupancy of the 15 states is represented by a vector of probabilities and a single state transition is
simulated by multiplying the occupancy vector by the Markov matrix. The cumulative occupancies of each
state in a run are determined by serial multiplication by the Markov matrix until the run terminates (i.e. the
molecule enters state G). This is a geometric series from which the mean number of state occupancies can
be calculated analytically. Run time is given by state dwell times multiplied by total occupancies of each
state. The run length is determined by the net translocation (forward steps minus backwards steps)
multiplied by the experimentally determined step size. The velocity is given by the average run length
divided by the average run time.

The rate of ATP binding is proportional to the ATP concentration, and thus, velocity, run length, and fraction
of backwards steps can be modeled as a function of [MgATP]. Starting with parameters determined by
biochemical experiments (Table S3), the transition rates were varied manually to minimize the squared,
standardized residual errors between the model run length, velocity, and backwards stepping experimental
data, leading to the parameter values listed in text Table 2.

Supplemental Methods for smFRET experiments (Fig. $2):

Custom peptides from the coiled-coil portion of LZIPMX and APCCMX (Fig. S2A) with single
cysteine mutations located on the outside of the coiled-coils were ordered from Life Tein LLC,
USA. Peptides were labeled with a 1:1 ratio of Cy3 maleimide and Cy5 maleimide (Sigma-Aldrich
USA) to obtain approximately 50% of dimers with a complementary FRET pair. Briefly, peptides
were dissolved in labeling buffer, 25 mM Tris at pH 7.0, 100 mM NaCl, 2 mM EDTA, and 10 uM
tris(2-carboxyethyl)phosphine, TCEP. Dyes were dissolved in DMF at a concentration of 0.9 mM
before being added to the peptide with the labeling buffer, at a total 5:1 molar ratio of dye to
peptide, 20 uM, and Cy3 maleimide and Cy5 maleimide 50 uM each. The reaction was allowed
to proceed for 4 h and then quenched by adding sodium 2-mercaptoethanesulfonate, MESNA, to
a final concentration of 3 mM. Dye was removed by 2 passes over G-25 spin columns.



An enzymatic deoxygenation system of 0.3% (w/v) glucose, 300 pg/ml glucose oxidase (Sigma-
Aldrich), 120 ug/ml catalase (Roche), and 1.5 mM 6-hydroxy-2,5,7,8-tetramethyl-chromane-2-
carboxylic acid (Trolox, Sigma-Aldrich) was added to M5 to form the final imaging buffer to reduce
fluorophore photobleaching and blinking (44).

Cy3 and Cy5 fluorescence intensities were collected via alternating laser excitation (ALEX),
switching between 532 nm and 640 nm laser excitation on an objective-type total internal
reflection fluorescence microscope (43). Images were recorded at a 50 ms integration time,
totaling for 100 ms frame rate and FRET traces were analyzed by custom analysis software (44),
implemented in Matlab (Mathwords Inc.).

FRET efficiency was calculated according to:
-1

D )/)
Iy — xIp

E=(1+

where Ip and I, are the fluorescence intensities of the donor and acceptor minus background, y
is the cross-talk of the donor emission into the acceptor recording channel, and y accounts for the
ratios of quantum yield and detection efficiency between the donor and the acceptor channels
(45). The distance between the donor (Cy3) and the acceptor (Cy5), R, can be determined from
the FRET efficiency by the Foérster equation:

1

—
1+(R%)

E =

Where the Férster distance, R, for the Cy3-Cy5 FRET pair is 5.6 nm.

43. Jamiolkowski, R. M., Chen, C., Cooperman, B.S., Goldman, Y.E., 2017, tRNA Fluctuations
Observed on Stalled Ribosomes Are Suppressed during Ongoing Protein Synthesis, Biophys.
J. 113, 2326-2335.

44. Chen, C., Stevens, B., Kaur, J., Cabral, D., Liu, H., Wang, Y., Zhang, H., Rosenblum, G.,
Smilansky, Z., Goldman, Y.E., Cooperman, B.S., 2011. Single-Molecule Fluorescence
Measurements of Ribosomal Translocation Dynamics, Mol. Cell, 42, 3, 367-377.

45. Roy, R., Hohng S., Ha, T., 2008, A Practial Guide to Single Molecule FRET, Nat. Methods, 5,
6, 507-516.
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