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Detailed Tuning of Structure and Intramolecular Communication
Are Dispensable for Processive Motion of Myosin VI
Mary Williard Elting,†‡ Zev Bryant,§ Jung-Chi Liao,§ and James A. Spudich†*
†Department of Biochemistry, ‡Department of Applied Physics, and §Department of Bioengineering, Stanford University, Stanford, California
ABSTRACT Dimeric myosin VI moves processively hand-over-hand along actin filaments. We have characterized the
mechanism of this processive motion by measuring the impact of structural and chemical perturbations on single-molecule
processivity. Processivity is maintained despite major alterations in lever arm structure, including replacement of light chain
binding regions and elimination of the medial tail. We present kinetic models that can explain the ATP concentration-dependent
processivities of myosin VI constructs containing either native or artificial lever arms. We conclude that detailed tuning of struc-
ture and intramolecular communication are dispensable for processive motion, and further show theoretically that one proposed
type of nucleotide gating can be detrimental rather than beneficial for myosin processivity.
INTRODUCTION
Myosin VI has cellular roles ranging from transporter to
anchor in vivo (1,2). In vitro, it is processive (defined as
taking multiple steps along an actin filament before detach-
ing) and shares features with processive (þ)-end directed
myosins, including a hand-over-hand mechanism (3), strides
that approximately span the pseudorepeat of the actin
helix (4), and intramolecular gating (5). However, the
detailed mechanisms of myosin VI processivity might be
expected to diverge from other myosins due to a number
of unique structural and functional characteristics: it
achieves (�)-end-directed motion due to a unique insert
following the catalytic domain that redirects its lever
arm in the opposite direction from other known myosins
(6–8), and it has an unusual lever arm structure with two
light-chain-binding domains (9) followed by a sequence
that forms an extended single a-helix as an isolated frag-
ment (10).

Myosin VI stepping is gated (5): communication between
the two heads keeps their kinetic cycles out of phase. This
communication is thought to occur via tension transmitted
through the lever arms that connect the heads, altering the
kinetics in such a way that front head release is prevented
(11,12). Previous work suggests two possible mechanisms
producing gating in myosin VI. The rate of ADP release
may be reduced in the front head when both heads are bound
to actin (5), as is known to occur in myosin V (13). Reported
reductions in this rate range from two- (14) to at least
10-fold (15) for myosin VI.

Alternatively, there is evidence of a reduced rate of ATP
binding to the front head (16). Either mechanism is capable
of preventing front head release, because the myosin VI
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head remains strongly attached to the actin filament in
both the ADP-bound and the nucleotide-free state. Although
it has been suggested that myosin VI must have a different
gating mechanism than myosin V because of its reverse
directionality (17), ADP release could be affected by
multiple structural distortions, and either gating mechanism
seems physically plausible. The properties of the lever arm
and tail structure of myosin VI, and of other molecular
motors, have been proposed to be important for successful
intramolecular tension sensing, and therefore for gating
and processivity (15,18,19).

In this work, we probe the structures and mechanisms
underlying myosin VI processivity. Mechanistic models
of myosins (15,20–25) and of kinesin (26–29) have been
tested by engineering changes into these molecular motors
and examining whether their behaviors respond predict-
ably. We previously incorporated an artificial lever arm
into a myosin VI dimer and showed that the chimera
remains processive (21). Here, we examine the same
chimera in detail to probe the effects of the structural
changes on processivity. We use kinetic modeling, fit to
our processivity data for constructs with native or artificial
lever arms, to examine the relevance of gating to
processivity.

We present models that explain our observed processiv-
ities over a wide range of conditions, and show theoretically
that gating of ADP release yields only modest improve-
ments in processivity, while gating of ATP binding actually
decreases processivity at physiological ATP concentrations.
Processivity seems to be a robust characteristic of dimeric
molecular motors with high duty ratios even in the absence
of gating. This idea is underscored by the processive
activity of additional chimeric constructs in which we
have incorporated increasingly dramatic changes in lever
arm structure.
doi: 10.1016/j.bpj.2010.11.045
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MATERIALS AND METHODS

Protein expression and purification

Proteins were expressed as described (7,21). Briefly, myosin VI or chimeras

were cloned into pBiEx-1 (see also the Supporting Material) and trans-

fected into SF9 cells, Flag affinity purified, and labeled with TMR-HaloTag

ligand (Promega, Madison, WI).
Single-molecule TIRF microscopy

Single-molecule TIRF microscopy was performed as described (21) (see

also the Supporting Material). Briefly, actin was attached to coverslip

surfaces using heavy meromyosin (HMM) prepared from rabbit skeletal

muscle and treated with n-ethyl maleimide (NEM) to inactivate it so that

it would bind actin but not detach. After rinsing out unattached actin fila-

ments, motor was flowed into the chamber in assay buffer including ATP

and reagents for ATP regeneration and oxygen scavenging. Additionally,

MgCl2 was added at a concentration that varied with ATP concentration

and was chosen to result in 2 mM free Mg2þ (or other Mg2þ concentration

as noted). Expected free Mg2þ concentrations were calculated using

MAXCHELATOR (http://maxchelator.stanford.edu). A 532-nm laser was

used for excitation, and its power was lowered to prevent misinterpreting

photobleaching as run termination when measuring processivity. Images

were analyzed by single-molecule tracking (30).
Stride size and dwell-time measurement

One-dimensional distance versus time traces created from two-dimensional

tracking data and steps were chosen using a step-picking algorithm based

on Kerssemakers et al. (31) (see also the Supporting Material). We used

this algorithm to generate fits with varying numbers of steps, but picked

the number of steps in each run by eye.
Run-length and velocity measurements

For details, see the Supporting Material. In brief, to ensure unbiased run

selection, custom software was used to create a kymograph for each actin

filament (Fig. S1). Runs were selected from these kymographs. The ex-

pected run-length, corrected for premature terminations of runs that ended

at the end of a filament, was calculated using the Kaplan-Meier survivor

function, a maximum likelihood estimator of the mean (32,33). The error

bars are the error on the mean estimate from the Kaplan-Meier survivor

function (32). The average velocity was calculated using a bootstrap fit

of the slope of a plot of the average distance traveled for every d-time for

all runs (Fig. S2). The mean and standard deviation of 50 bootstraps

were used as the velocity and error estimate for each data set.
Run-length modeling

A simplified model of the kinetic cycle of myosin VI was created with only

three states for each head: bound to actin and ADP, bound to actin but not

ADP, and bound to ATP and released from actin. Some states of a more

complete kinetic cycle (see later in Fig. 2 a) were omitted (and assumed

to be rarely visited) or were collapsed into one of the three remaining states.

Transfers between states were approximated as irreversible (see later in

Fig. 2 b). A branched kinetic model was created that included all combina-

tions of these three states in each of the two heads (see later in Fig. 2 c).

This model included a total of five parameters: two ADP release rates

corresponding to the front and rear heads, two effective ATP binding

rates corresponding to the front and rear heads, and the rebinding rate of

the free head.
The relative rates of ADP release from the front and rear heads or of ATP

binding to the front and rear heads were not allowed to vary independently,

but were set at a fixed ratio depending on the gating mechanism used for the

fit, as described in the text. An additional parameter was added to compen-

sate for premature run termination due to actin attachment or defects in the

actin filament, since we found that actin attachment mechanisms affect

processivity (see below). Run-lengths and durations as a function of ATP

concentration were analytically calculated by summing over all possible

paths to run termination (see derivation in the Note in the Supporting Mate-

rial). This modeling was verified by Monte Carlo simulations of the same

process, which agreed well with the analytic version (Fig. S3).

To fit parameters to the model, the apparent ATP binding rate and ADP

release rates were fit in a least-squares manner to the velocity data. (Note

that although these velocity plots resemble Michaelis-Menten plots, they

are not fit to simple Michaelis-Menten kinetics. Instead, the data are fit

directly to velocities calculated using the comprehensive kinetic model.)

These rates were fixed and the rebinding rate and actin defect parameters

were fit using the run-length data. Alternating fits were then performed of

the velocity and run-length data, as described, until all four rates converged.

Error estimates for the fits were generated by using the standard deviation of

the parameters from a parametric bootstrap comprising 1000 randomly

generated data sets based on the measured mean and error for each run-

length or velocity data point. (See Methods in the Supporting Material

for more details.)
RESULTS

The behavior of dimeric myosin VI and a chimeric
construct are similar

Gating is thought to arise from tension transmitted through
the lever arm. To assess the impact on processivity of
altering the lever am structure, we conducted a detailed
characterization of an engineered processive myosin we
previously constructed (21). In M6DI816-2R~MT-GCN4,
the IQ and proximal tail domains were removed and
replaced with an artificial lever arm (two spectrin repeats
from a-actinin, abbreviated as 2R (20)) fused after the distal
portion of the unique insert, followed by a (GSG)3 flexible-
linker swivel (~), and the medial tail (MT), with GCN4 used
to ensure dimerization. We compared this to our myosin VI
control dimer (4), M6-GCN4, which contains native
sequence through the medial tail, followed by GCN4 for
dimerization (Fig. 1 and Movie S1 and Movie S2 in the
Supporting Material). Using single molecule total internal
reflection fluorescence (TIRF) microscopy, we found that
the stride size distributions for M6DI816-2R~MT-GCN4
and M6-GCN4 are similar (Fig. 1, c and d), as we showed
previously under different actin conditions (21). Here, we
show that the two constructs also have similar dwell-time
distributions (Fig. 1 e). We then compared them to test for
effects of the artificial lever arm on gating and processivity.
Modeling effects of gating on processivity

Kinetic models of processive motion can be tested by
measuring run-length as a function of nucleotide conditions
(34). To generate predictions of the effects of gating mech-
anisms, we constructed models of myosin VI processivity.
Biophysical Journal 100(2) 430–439
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FIGURE 1 Single molecule stepping results for

M6-GCN4 and M6DI816-2R~MT-GCN4. (a) Sche-

matics of constructs. (Gray, head of native myosin

VI; green (C), converter domain; purple (UI),

calmodulin binding unique insert; cyan (IQ), IQ

domain; orange (PT), proximal tail domain; red

(MT), medial tail domain; brown (G), GCN4;

yellow, HaloTag; blue (2R), two spectrin repeats

from a-actinin; and wavy line, (GSG)3 flexible

linkers.) (b) Cartoon of M6-GCN4 structure,

color-coded to match part a. (c) Example stepping

traces for M6-GCN4 (red) and M6DI816-2R~MT-

GCN4 (blue). Steps fit to these traces (black).

(d) Distributions of stride sizes for M6-GCN4

and M6DI816-2R~MT-GCN4. Stride size histo-

grams (markers) are shown with a fit to the distri-

bution of positive stride sizes (solid). Error bars are

calculated as the square-root of the number of

strides in each bin, scaled to proportion of strides.

Peak positive stride sizes are 33.5 5 0.7 nm

(N ¼ 158) for M6-GCN4 (red) and 30.1 5

0.6 nm (N ¼ 252) for M6DI816-2R-MT-GCN4

(blue). (e) Dwell-time distributions for M6-

GCN4 (red), mean dwell-time of 8.7 5 0.7 s and

M6DI816-2R~MT-GCN4 (blue), mean dwell-time

of 7.45 0.4 s. Short dwells below a cutoff (dashed

lines) were ignored to avoid undersampling near

our time resolution. Curves (solid black) are expo-

nential distributions with decay constants equal to

the mean dwell-time, shifted by the undersampling

cutoff.
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We first describe a two-state, conceptual model, followed by
the three-state model we used to perform fits.

The simplest model includes only two states for each
head: bound to or detached from the actin filament. There
are two different effects that can break symmetry in
a two-headed walker (35):

1. It can be more likely for the rear head to detach than for
the front head.

2. A released head can preferentially bind in front of, rather
than behind, the remaining attached head.

Either of these effects is sufficient on its own to ensure
directional motion. We assume that the second effect always
occurs for myosin VI. It is the first effect that we describe
here as ‘‘gating’’; thus ‘‘perfect gating’’ means that the front
head never detaches.

In this simple scheme, it is clear that a high duty ratio can
result in significant processivity, as has been suggested (11).
The probability of the dimer detaching during any cycle
(meaning the second head detaches during the period of
the cycle that the first head is already detached) is 1�r,
where r corresponds to the duty ratio of a monomeric
motor, and is given by the rebinding rate over the sum of
the rebinding and detachment rates. The average number
of ATP cycles (equivalent to head detachment/reattachment
Biophysical Journal 100(2) 430–439
cycles) carried out by the motor before completely dissoci-
ating is r/(1�r). (See Note in the Supporting Material.) This
also represents the average number of forward strides in the
presence of perfect gating. However, statistically half of
these cycles would be unproductive in the absence of
gating, yielding an observed run-length of r/(2*(1�r).)
Thus, perfect gating only increases the run-length twofold
in this model, while at high duty ratios run-length is
inversely proportional to the percentage of the cycle spent
detached (1�r).

Though this two-state model is instructive, and we expect
its trends to carry through to more complicated models, its
simplicity prevents it from differentiating among types of
gating mechanisms. We therefore used a model with three
states: bound to both actin filament and ADP; bound to
the actin filament while not bound to nucleotide; and
detached from the actin filament while bound to ATP (see
Fig. 2, a and b, and Materials and Methods). Transfers
between states are irreversible (as we assume the reverse
rates are slow enough to be ignored) and we assume the
free head always rebinds in front of the attached head,
guaranteeing unidirectional travel. Three rate constants are
needed to describe this model: the actomyosin ADP release
rate, the apparent actomyosin ATP binding rate, and the
actin-rebinding rate of the detached head.



FIGURE 2 Three-state model for myosin VI

kinetic cycle. (a) Schematic of kinetic pathway

(based on de la Cruz et al. (5)) showingwhich states

are grouped together or ignored in the simplified

kinetic model. (Green) States in which myosin is

bound to actin in the absence of nucleotide. (Yellow)

States inwhichmyosin is detached orweakly bound

to the actin filament. (Red) States in which myosin

is bound to actin and ADP. The remaining states

(gray) are assumed to have negligible contributions.

(b) Cartoon of the modeled kinetic cycle of a single

myosin head. States and transitions between states

are colored to match panel a. The prestroke state

(yellow box) is bound to ADP.Pi (green circle) and

unbound from actin. At rate krebind, myosin rebinds

to actin, releases phosphate, and strokes, bringing it

to a poststroke state (red box) where it is bound to

actin and ADP (red circle). Note that krebind may

actually be limited by phosphate release or the

weak to strong transition instead of rebinding.

ADP is released at rate kADPoff to enter a statewhere

themotor is in a poststroke conformation and bound

to actin but not nucleotide (green box). The cycle is

completed when myosin binds ATP at rate kATPon
and releases from the actin filament. (c) Diagram

of transitions in a dimeric motor, highlighting the

paths that predominate with different mechanisms

of gating.Motor begins in stateA, and forward steps

are directed toward the left (black arrow). Myosin

heads are marked as containing ATP or ADP.Pi
(green dot), ADP (red dot), or no nucleotide (no

dot) at the nucleotide binding site. Transitions that

are in competition with rebinding (thinner arrows)

have low probabilities because the rebinding rate

is the fastest rate in the cycle. Shading indicates

the predominant pathways in the case of gating

of ADP release (pink); in the case of gating of

ATP binding (green shading, which includes the

pink shaded region); and in the case of no gating

(blue shading, which encompasses all states). Inhi-

bitionmarks indicate rates that are slowed by gating

of ADP release (red) or gating of ATP binding

(green).
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This three-state model for each head can be used as the
foundation for a dimeric model by allowing each head to
cycle through these three states independently, creating
a branched kinetic pathway with a total of nine states
(Fig. 2 c). Which pathways of this model are predominantly
visited depends on the mechanism of gating. If ADP release
is gated, myosin VI predominantly visits a pathway through
states A, B, and C1 (shaded pink) because transitions from
A/D and from B/E are inhibited by the slowed ADP
release rate from the front head. If binding of ATP is gated,
but release of ADP is not, myosin VI will predominantly
follow the green-shaded pathways (which include the
pink-shaded area) because D/C2 and E/F2 transitions
are inhibited by the slowed front head ATP binding rate.
In the absence of gating, all pathways (shaded blue) are
possible.
A total of five parameters are possible in the model
described thus far because the ADP release rates and
apparent ATP binding rates may be different between the
front and rear heads. However, to assess the effects of gating
mechanisms, for each fit we set the ratio of ADP release
rates and the ratio of ATP binding rates to be fixed constants
(which varied depending on the gating mechanism),
reducing the number of parameters to three. Additionally,
a fourth parameter was added to account for runs that termi-
nate prematurely due to actin filament effects, such as
defects in the actin filaments or their interactions with the
coverslip (as described below).

Assuming that a productive step occurs when the rear
head detaches while the front head remains attached and
strokes, and that a run terminates when both heads detach
simultaneously, we used this model to derive analytic
Biophysical Journal 100(2) 430–439



FIGURE 3 Velocity and run-length measurements for M6-GCN4 and

M6DI816-2R~MT-GCN4. (a) M6-GCN4 (red) and (b) M6DI816-2R~MT-

GCN4 (blue) at 2 mMATP. Kaplan-Meier survivor functions, with compen-

sation for runs terminating at filament ends (32,33), are shown (color).

Exponential distributions based on the Kaplan-Meier estimate of the

mean (0.556 5 0.050 mm for M6-GCN4; 0.226 5 0.016 mm for

M6DI816-2R~MT-GCN4) are shown (solid black). Runs shorter than

0.216 mm (two pixels) are truncated due to undersampling of runs close

to our time resolution, and the mean estimator has been shifted accordingly

(see Materials andMethods). (c) Velocity and (d) run-length as a function of

ATP concentration for M6-GCN4 (red) and M6DI816-2R~MT-GCN4

(blue). M6DI816-2R~MT-GCN4 is slightly slower than M6-GCN4. If veloc-

ities for both constructs are scaled to an expected stepping rate (based on

measured stepsize), the velocity difference is reduced, because the chimera

has a slightly shorter stepsize (Fig. S7). M6DI816-2R~MT-GCN4 shows

reduced processivity compared to M6-GCN4, possibly as a result of

damaged gating. (Error bars) Standard deviation of bootstrapped mean

(for velocity) and Kaplan Meier estimate for standard deviation of the

mean (run-length). (Solid lines) Fit to processivity model (see parameters

in Table 1).
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expressions for average run-length and velocity as a function
of ATP concentration, effective ATP binding rates to the
front and rear heads, ADP release rates from the front and
rear heads, actin rebinding rate of the detached head, and
actin defect parameter (see Note in the Supporting Mate-
rial). These expressions were derived by summing over all
TABLE 1 Modeling parameters for fits/models shown in Figs. 3 an

Construct

kADPoff,rear
(s�1)

kATPon,rear
(mM�1 s�1)

M6-GCN4 5.1 5 0.2* 0.016 5 0.001*

M6DI816-2R~MT-GCN4 3.8 5 0.1* 0.016

ADP-release gating model 5.1 0.016

ATP-binding gating model 5.1 0.016

No gating model 5.1 0.016

Relevant previous measurements 5.6y 0.018y

5.3z 0.03z,x

Parameters marked in bold were allowed to vary independently in the fits. The fr

the rear head rates; all other parameters not in bold were fixed. Error estimates w

this article, and Methods in the Supporting Material).

*Parameters allowed to vary independently in fits.
yFrom de la Cruz et al. (5).
zFrom Sweeney et al. (16).
xStrong-to-weak transition.
{Pi release rate.
kWeak-to-strong transition.
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possible pathways toward a productive step or dissociation
(see Fig. 2 c, Fig. S4 and Fig. S5, and Note in the Supporting
Material). These summations were calculated in a manner
similar to that discussed in Ninio (36) by considering the
relative probabilities of transitions at each branch point,
were verified by Monte Carlo simulation (Fig. S3), and
are derived in detail in the Supporting Material. Gating
mechanisms were incorporated into the model by varying
the ratio of front/rear head ATP binding rates or front/rear
head ADP release rates.
Comparison of modeled and measured
processivity

We measured average velocities and run-lengths, correcting
for the finite length of the actin filaments, across a range of
ATP concentrations (Fig. 3 and Materials and Methods).
Both M6DI816-2R~MT-GCN4 and M6-GCN4 exhibited
similar velocities as a function of ATP concentration. Both
constructs showed increased run-lengths at lower concentra-
tions of ATP, as expected because the duty ratio is increased
when ATP-binding is rate-limiting.

We first fit our processivity and velocity data for M6-
GCN4 to the model assuming 10-fold gating of ADP release
(that is, slowing the release of ADP from the front head by
a factor of 10 when both heads are attached). This has
recently been proposed as a lower bound on ADP release
gating, based on high time-resolution, single-molecule
myosin VI measurements (15). This model fits quantita-
tively to our data (Fig. 3, c and d, and Table 1), and yields
parameters in good agreement with previously published
values based on bulk kinetic measurements (5,16).

Although the chimera M6DI816-2R~MT-GCN4 is highly
processive, it is less processive than M6-GCN4 (Fig. 3 d).
One explanation is that gating is damaged in this construct
because the forces transmitted between the heads are altered
by the artificial lever arm. This is likely because the flexible
d 4

krebind
(s�1)

kADPoff,front
(s�1)

kATPon,front
(mM�1 s�1) Steps per actin defect

57 5 12* 0.5 0.016 48 5 11*

57 3.8 0.016 48

57 0.5 0.016 48

57 5 0.0016 48

57 5 0.016 48

89y,{

28.2z,k

ont head ADP release and ATP binding rates were varied with fixed ratios to

ere generated using parametric bootstrapping (see Materials and Methods in
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linker between the artificial lever arm and medial tail should
serve to reduce tension that might otherwise be transmitted
between the heads. The velocity data for the chimera are
slower at high concentrations of ATP, when ADP release
is rate-limiting, but not at low concentrations of ATP,
when ATP binding is rate-limiting, suggesting that the rate
of ADP release is somewhat slowed in the chimera whereas
the rate of ATP binding remains the same (Fig. 3 c).

To test consistency with our model, we fit a new ADP
release rate to the M6DI816-2R~MT-GCN4 velocity data
and otherwise used the same parameters from the
M6-GCN4 fit described above, but removed gating by setting
the front and rear head ADP release rates equal. The theory
agrees with the processivity and velocity data for this
construct, using only a one-parameter fit to the velocity
and a zero-parameter fit to the processivity (Fig. 3, c and d,
Table 1). Although the gatingmechanismswe have described
(10-fold slowing of ADP release to the front head in
M6-GCN4 and no gating in M6DI816-2R~MT-GCN4) are
consistent with our processivity data, other interpretations
are also consistent with this type of modeling. For instance,
it would be possible to fit the chimera processivity data by
altering all four modeling parameters and including some
gating, or to fit the M6-GCN4 data without gating. However,
these fits require more free parameters than the fit we have
shown, yield parameters with less consistency between
constructs, and give rebinding rates that are less consistent
with previously measured values (Fig. S6 and Table S1).
Surface attachment effects on processivity

Processivity in both constructs was affected by the mecha-
nism of attachment of actin filaments to the coverslip.
When we used a higher concentration of NEM-treated
HMM (see Materials and Methods) to attach actin to the
surface, we observed shorter runs, suggesting that myosin
bumping into an attachment point more frequently increases
the frequency of run termination (Table S2). We also found
that biotinylating actin to attach it to the surface, likely
a less flexible attachment mechanism than NEM-HMM,
shortened the runs (data not shown). These effects led us to
add an additional actin defect parameter to our modeling,
andwe found that it varied between batches of actin filaments
or NEM-HMM (see Table 1 and Table S3). Because these
results showed that the state of the actin binding to the
surface affects the run-length, we collected all directly-
compared processivity data (e.g., all data in Fig. 3 and, sepa-
rately, all data in Fig. S8) using single batches of actin and the
minimum amount of NEM-HMM necessary to attach actin.
FIGURE 4 Comparison of processivity model using different mecha-

nisms of gating: no gating (blue), 10-fold gating of ADP release from front

head (red), and 10-fold gating of ATP binding to front head (green). Param-

eters input into this model are the same as the M6-GCN4 fit shown in Fig. 3.

All parameters are kept constant when comparing the models; only the

mechanism of gating is changed (see Table 1).
Effect of free Mg2þ on processivity

As a further demonstration of the effectiveness of the model,
we used it to make predictions of the effect on processivity
of altering free Mg2þ concentration. Free Mg2þ concentra-
tion can alter the velocity (37,38) and processivity (25,39) of
a molecular motor. Therefore, we compensated for changes
in the ATP concentration to keep the amount of free Mg2þ

constant in the experiments described above (see Materials
and Methods). It has been observed for myosin V and
myosin I that the ADP release rate is dependent on the
Mg2þ concentration, with the suggested mechanism that
Mg2þ must release from the nucleotide binding pocket
before ADP (37–39). We observe a similar effect in myosin
VI: at high ATP concentrations, when ADP release is rate-
limiting, higher Mg2þ concentrations result in slower veloc-
ities (Fig. S8 a).

Assuming free Mg2þ affects only ADP-release, we fit that
parameter to each point in the velocity data, and used our
model to predict the corresponding expected run-length
(with the additional actin binding parameter fit as well
across all Mg2þ concentrations) (Fig. S8 and Table S3).
This predicts that higher Mg2þ concentrations and slower
velocities should cause a corresponding increase in proces-
sivity, as we observe.
Effects of gating mechanisms on processivity

After creating and testing a kinetic model (see Fig. 2 c and
Note in the Supporting Material) for myosin VI stepping, we
used the model to better understand how gating should be
expected to affect processivity. We fixed the modeling
parameters to the values described in the earlier fit to
M6-GCN4, and calculated processivities resulting from
different gating mechanisms. We compared three possibili-
ties: no gating (each head cycles independently); 10-fold
slowing of ADP release from the front head; and 10-fold
slowing of ATP binding to the front head (Fig. 4). Clearly,
effective processivity is possible in the absence of intramo-
lecular gating. In fact, if we look at the most physiologically
Biophysical Journal 100(2) 430–439
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relevant region of this curve, at the highest ATP concentra-
tions, we find that gating of ADP release only improves
processivity by approximately a factor of 2.5, and that,
perhaps surprisingly, gating of ATP binding slightly
decreases processivity.

The potential for ATP gating to disrupt processivity can
be understood by considering what happens when the front
head releases ADP before the rear head and the motor enters
state D (Fig. 2 c). This event occurs frequently unless ADP
release is gated. At high ATP concentration in the absence of
any gating, the front head will usually rebind ATP and
regenerate state A via a pathway (D/C2/A) that wastes
an ATP hydrolysis but is relatively safe from dissociation
because the one-head bound state (C2) has ADP bound.
However, ATP gating specifically inhibits this pathway,
and thus the motor proceeds through the only available alter-
native pathway, through state E to the very vulnerable state
F (Fig. 2 c, yellow box).

At low ATP concentrations, D/C2 becomes unlikely
and the motor always proceeds through states E and F.
Under these conditions, ATP gating is preferable to no
gating because the motor proceeds through the productive
state F1 rather than the unproductive state F2. There must
thus be a crossover ATP concentration at which the protec-
tive effect of ATP rebinding to the front head fully compen-
sates for the detrimental effect of unproductive cycling, as
shown in Fig. 4.
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Structural requirements for myosin VI
processivity

We created two additional chimeras to further test the
structural robustness of myosin VI processivity. These
constructs are: M6PI790-2R~MT-GCN4, identical to the
previous chimera except that the distal, calmodulin-binding
portion of the unique insert has been removed, and the
artificial lever arm is fused after the proximal portion of
the unique insert, which redirects the lever arm; and
M6DI816-2R~GCN4IL, identical to the first chimera except
that the medial tail has been removed and a hyperstable
mutant of GCN4 (40) immediately follows the swivel
(Fig. 5 a). (We were not able to demonstrate processivity
in a M6DI816-2R~GCN4 construct with GCN4 alone.)

Results with these constructs demonstrate that myosin
VI processivity is possible without the medial tail and in
the absence of calmodulin (see Fig. 5, and Movie S3 and
Movie S4). Removal of the unique insert calmodulin is
a dramatic structural modification, considering the close
interaction of this calmodulin with the converter domain
(6,41). All three chimeric structures show remarkable simi-
larity in their basic behavior to our M6-GCN4 control: they
are able to take multiple steps along the actin filament
without detaching, with similar stride sizes and kinetics
(Fig. 5, b–d). All three chimeras do have slightly shorter
stride sizes than M6-GCN4, showing that processivity is
FIGURE 5 Single molecule stepping results for

M6PI790-2R~MT-GCN4 and M6DI816-

2R~GCN4IL at 5 mM ATP. (a) Schematic of

constructs. (Gray, head of native myosin VI; green

(C), converter domain; purple (UI), calmodulin

binding unique insert or unique insert truncated

at residue 790 (before calmodulin binding site);

red (MT), medial tail domain; brown (G/IL),

GCN4 or GCN4IL; yellow, HaloTag; blue (2R),

two spectrin repeats from a-actinin; and wavy

line, (GSG)3 flexible linkers.) (b) Dwell-time

distributions at 5 mM ATP for M6PI790-2R~MT-

GCN4 (green), mean dwell-time of 11.7 5 0.7 s

and M6DI816-2R~GCN4IL (magenta), mean

dwell-time of 6.3 5 0.3 s. (Dotted lines) Cutoff

of short dwells from undersampling near our time

resolution. Curves (solid black) are exponential

distributions with time constants of the mean

dwells, shifted by the undersampling cutoff. (c)

Example stepping traces of M6PI790-2R~MT-

GCN4 (green) and M6DI816-2R~GCN4IL
(magenta). Modeled steps are shown (black). (d)

Stride size distributions of chimeras with M6-

GCN4 for comparison. Histograms are shown

with fits as in Fig. 1. Peak positive stride sizes

are 33.5 5 0.7 nm (N ¼ 158) for M6-GCN4

(red), 27.9 5 0.6 nm (N ¼ 238) for M6PI790-

2R~MT-GCN4 (green), and 26.2 5 0.5 nm (N ¼
335) for M6DI816-2R~GCN4IL (magenta).
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possible even when the stride size does not match the actin

pseudorepeat, as seen for mutant versions of myosin V
(25,42,43).

Processivity is readily observable over the full range of
ATP concentrations for both M6DI816-2R constructs and
for the control M6-GCN4 dimer. M6PI790-2R~MT-GCN4,
the sole construct lacking calmodulin, is minimally proces-
sive and requires very low ATP concentration for processiv-
ity to be observed. This construct also shows a change in
kinetics, with its dwell-time increased by almost a factor
of two (at low ATP concentrations), and it takes backward
steps more frequently than the other chimeras and the
control dimer (Fig. 5, b and d). It also appears to lose
activity (as observed by a loss of processive motion) more
quickly after being prepared than the other constructs. The
unique insert/converter regions, which interact with calmod-
ulin in the native structure, may be less stable in the absence
of these interactions.
DISCUSSION

Processivity is an ability that the myosin VI dimer shares
with several other myosins, and with molecular motors
such as kinesin and dynein. We have assessed features
that might be important for achieving processivity, such as
appropriate stride size, high duty ratio, and intramolecular
gating. Myosins V and VI and kinesin-1 have each been
demonstrated to exhibit a gating mechanism that keeps the
kinetic cycles of the two heads out of phase (5,13,44,45).
It has been proposed (11,16) that one purpose of this gating
is to increase processivity by preventing both heads from
detaching from the actin filament or microtubule simulta-
neously. However, gating is not strictly required for proces-
sivity (11,24).

We created three chimeric constructs with a variety of
changes engineered into the myosin VI lever arm, including
replacement of the medial tail, proximal tail, IQ domain,
and calmodulin-binding unique insert, which interacts
closely with the converter domain. Despite these significant
changes, all three chimeric constructs exhibit similar
behavior to M6-GCN4 verifying that either:

1. Gating is extremely robust to changes in the physical
properties of the lever arm, including portions that
interact with the converter domain.

2. Gating is not necessary for processivity.

By comparing measured processivity and modeling, we
demonstrate that a high degree of processivity is to be
expected even in the absence of gating, as long as there is
a sufficiently high duty ratio, and that gating does not neces-
sarily increase processivity. This is supported by a recent
finding that a myosin V construct with a single a-helix
domain replacing the native lever arm is processive but
does not exhibit gating (24).
Because gating does exist in myosin VI (5), it is worth
considering possible physical origins and biological func-
tions for this effect. Differences in kinetics between the
front and rear heads might be expected to arise even in
the absence of evolutionary selection for this effect, as
a consequence of coupling between the lever arm and
nucleotide binding pocket. Although we have shown that
gating does not necessarily increase processivity, it does
improve the efficiency of the motor by preventing the
wasting of ATP on unproductive cycles. Additionally,
gating may prevent backward motion under load (46).
Gating mechanisms prevent the front head from releasing
from the actin filament. If the front head detaches under
load, it can cause the motor to take a backward step
(47). Prevention of front head detachment could be critical
for known roles of myosin VI as a cargo transporter and
cytoskeletal anchor.

Finally, the possibility of creating highly artificial and yet
processive dimers raises questions about the in vivo rele-
vance of previous measurements on forced dimers. When
the M6-GCN4 construct, and other similar control dimers
(3,4,15,48–51) were created, it was assumed the medial
tail formed a coiled-coil (4), so GCN4 was expected to rein-
force, not provide, dimerization. It is now known that full-
length myosin VI is monomeric in solution (52), but may
become dimeric when bound to cargo (53). The similarity
of M6-GCN4 to myosin V, which forms a dimer in vivo,
might have been interpreted as evidence that this control
dimer recapitulates the in vivo configuration of myosin
VI. However, the very similar behavior of our dramatically
altered chimeras suggests that caution is warranted in
assuming that processive ~36-nm steps must reflect evolu-
tionarily selected behavior.
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