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Abstract Myosin V and VI are antagonistic motors that cohabit membrane vesicles in cells.

A systematic study of their collective function, however, is lacking and forms the focus of this study.
We functionally reconstitute a two-dimensional actin-myosin interface using myosin V and VI
precisely patterned on DNA nanostructures, in combination with a model keratocyte actin
meshwork. While scaffolds display solely unidirectional movement, their directional flux is modulated
by both actin architecture and the structural properties of the myosin lever arm. This directional
flux can be finely-tuned by the relative number of myosin V and VI motors on each scaffold.
Pairing computation with experimental observations suggests that the ratio of motor stall forces is
a key determinant of the observed competitive outcomes. Overall, our study demonstrates an
elegant mechanism for sorting of membrane cargo using equally matched antagonistic motors,
simply by modulating the relative number of engagement sites for each motor type.

DOI: 10.7554/eLife.05472.001

Introduction

Membrane sorting in the secretory and endocytic pathways occurs in the midst of the actin
cytoskeleton, and involves a range of unconventional myosins that link membrane components to the
actin network (Hartman et al., 2011). However, traditional reconstituted systems to study membrane
traffic do not incorporate the effects of actin-myosin interactions (Lee et al., 2004; Zanetti et al.,
2012). Additionally, while unconventional myosins are necessary for timely membrane traffic, their
functional role is not apparent in live cell studies (Hasson et al., 1997; Sahlender et al., 2005;
Hartman et al., 2011). The bulk of our knowledge of unconventional myosin function instead stems
from single molecule biophysical and structural studies, which demonstrate distinct functional regimes
for actin-myosin interactions including bi-directional motion, unidirectional transport, and mechano-
sensitive anchoring (Trybus, 2008; Spudich and Sivaramakrishnan, 2010). There remains, however, a
considerable gap between the insights gained from single-motor studies and a mechanistic understanding
of cargo transport in living cells. Furthermore, membrane trafficking often involves multiple disparate
motor types, and their collective function cannot be trivially extrapolated from single molecule studies.
In this study, we focus on myosin V and VI, two opposing unconventional myosins that co-reside on
membrane vesicles in neuronal growth cones (Suter et al., 2000). Myosin V has been implicated in
secretory traffic, whereas myosin VI facilitates timely endocytosis (Suter et al., 2000; Kneussel and
Wagner, 2013). Individual myosin V and VI molecules within a transport ensemble may coordinate,
cooperate, or mechanically impede one another to influence collective movement (Rogers et al., 2009,
Sivaramakrishnan and Spudich, 2009; Lu et al., 2012). Hence, studies with mixed motor ensembles
are essential to define the function of myosins in membrane trafficking.

All myosins share a conserved catalytic domain that converts the chemical energy of ATP hydrolysis
into a unidirectional mechanical stroke of the motor lever arm. In the case of myosin V and VI, they are
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elLife digest Proteins and other molecules can be moved around a cell within bubble-like
compartments called vesicles. These vesicles can travel along filaments made of a protein called
actin, which forms a network that criss-crosses the cell. A family of motor proteins called myosin bind
to the vesicles and are responsible for pulling them along the actin filaments. For example, myosin V
pulls vesicles towards the ‘plus-end’ of the filament or the outer edges of the cell, while myosin VI
pulls them in the opposite direction towards the ‘minus-end’ or the interior of the cell.

Both proteins are often found on the same vesicle, and it is not clear in which direction such
a vesicle will move. Hariadi et al. have shed new light on this question by sticking different
combinations of myosin V and myosin VI proteins to a tiny nanostructure made of DNA and using
a microscope to watch it move on actin.

When a nanostructure with one myosin V and one myosin VI protein was placed on a single actin
filament, it moved towards the plus-end of the filament. However, when it was placed on a two-
dimensional network of actin filaments, the nanostructure was equally likely to move in either
direction. Therefore, the architecture of the actin filaments influences the outcome of the
competition between the two motor proteins.

When both types of myosin protein were present, the nanostructure was pulled along the filament
more slowly than when only one type was present. This suggests that myosin V and myosin VI are
involved in a ‘tug of war’ on the actin filament. Next, Hariadi et al. altered the numbers of myosin V
and myosin VI proteins on the nanostructure. The direction in which the nanostructure moved
depended on the ratio of motor proteins present: when there were more myosin V proteins than
myosin VI proteins, the nanostructure moved towards the plus-end, and vice versa.

Hariadi et al.’s findings suggest that cells direct the movement of vesicles around a cell by altering
the relative number of myosin V and myosin VI proteins bound to each vesicle.

DOI: 10.7554/elife.05472.002

considered evenly matched antagonistic motors (Trybus, 2008; Spudich and Sivaramakrishnan, 2010).
Both motors are thought to bind membrane cargo as dimers; myosin V through a coiled-coil motif
following its lever arm that natively homodimerizes it, and myosin VI presumably through dimeric
adaptor proteins that link it to cargo (Mehta et al., 1999, Buss and Kendrick-Jones, 2008).
Homodimers of either myosin move processively on actin filaments with similar step sizes (V—36 nm;
VI—30 nm), stepping kinetics (V =12 s7'; VI -9 s7"), and stall forces (V ~3 pN; VI ~2 pN) albeit in
opposing directions (Mehta et al., 1999; Rief et al., 2000; Rock et al., 2001; Nishikawa et al., 2002,
Yildiz et al., 2003; Altman et al., 2004; Uemura et al., 2004). All myosin levers, with the exception of
myosin VI, swing towards the barbed (plus) end of the actin filament. In the case of myosin VI, a unique
insert reverses the direction of its lever stroke towards the pointed (minus) end of the actin filament
(Liao et al., 2009, Spudich and Sivaramakrishnan, 2010). With the plus-ends of actin networks
oriented toward the cell periphery, plus-end directed myosin V thus contributes to exocytosis, whereas
minus-end directed myosin VI is critical to endocytosis (Hartman et al., 2011). Finally, despite their
many similarities, myosin V and VI have structurally distinct lever arms. The myosin V lever consists of six
light chain binding IQ-motifs wrapped with calmodulin light chains (Trybus, 2008). The myosin VI lever
is composed of two calmodulin-binding 1Q-motifs followed by a pliable proximal tail domain, and
a semi-rigid single a-helical domain (Spudich and Sivaramakrishnan, 2010).

Translating the detailed structural understanding of individual myosin V and VI into cellular
function, specifically when they cohabit the same scaffold, remains an outstanding challenge.
Ali et al. (2011) reported that tethering a single myosin V and a single VI homodimer on
a quantum dot leads to unidirectional motion on single actin filaments, with myosin V
dominating the competition (79% of processive runs towards the plus-end of actin filaments). We
recently extended this finding to DNA nanostructures containing two myosin V and two myosin
VI molecules interacting with a keratocyte-derived actin network (Hariadi et al., 2014). While we
did observe solely unidirectional movement, in contrast to Ali et al. (2011), myosin V and VI
were evenly matched in our system (52% of processive runs towards the keratocyte cell
periphery). Our previous study focused on trajectory shapes and did not address this observed
discrepancy in the outcome of the competition. Further, the generality of these observations for
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different ratios of myosin V and VI and the mechanisms that control directionality remain
unexplored and form the focus of this study.

Here, we use DNA nanotechnology to precisely scaffold defined collections of myosin V and VI and
pair it with both single actin filaments and a model cellular actin network derived from the extensive
lamellipodium of fish epidermal keratocytes (Hariadi et al., 2014). Consistent with previous reports
(Ali et al., 2011, Hariadi et al., 2014), we observe solely unidirectional movement regardless of actin
architecture or relative myosin number. However, for matched scaffolds we find that the directional
flux is dependent on both actin architecture and the structural properties of the myosin lever arm.
This directional flux is finely-tuned by the relative number of myosin V and VI motors on each
scaffold. By pairing computation and experiment, we identify a single mechanical parameter that
defines regimes in any motor ensemble wherein this mechanism is likely to be observed. Overall, our
study demonstrates an elegant mechanism for sorting of membrane cargo simply by modulating the
relative number of engagement sites for each motor type. For matched, but opposing motors such
as myosin V and VI, this mechanism is necessary and sufficient to precisely control sorting of tethered
scaffolds.

Results

Combining DNA nanostructures with defined motor composition and
1D/2D actin tracks

To investigate the role of actin organization in trafficking, DNA nanostructures containing a
defined number of antagonistic myosins (V and VI; Figure 1A; Figure 1—figure supplements 1, 2,
Supplementary file 1) were examined on two distinct actin architectures, namely one-dimensional actin
filaments (Figure 1B,D,F) and dense two-dimensional actin networks (Svitkina and Borisy, 1998;
Schaus et al., 2007) (Figure 1C,E,G). Precise positioning of myosin V and VI on the origami scaffold was
achieved using myosins labeled with single-stranded DNA oligonucleotides complementary to
attachment sequences projecting from the scaffold strand (1-6 per scaffold; Figure 3—figure
supplement 1). DNA nanostructures with varying numbers of myosin are denoted as xV:yVI,
where ‘x’ is the number of myosin V dimers and 'y’ is the number of myosin VI dimers per
scaffold. For the 2D actin networks, we used detergent-extracted keratocytes (Hariadi et al.,
2014) (Figure 1C), which have a sufficiently large surface area (~10 pm x ~30 pm) allowing for
simultaneous tracking of multiple myosin-labeled scaffolds. Experiments involving 1D actin
filaments provide a confined set of actin-myosin interactions, with each myosin having either
a forward (red rectangle) or a backward (gray rectangle) binding site available (Figure TF).
The 2D actin networks, on the other hand, provide a more complex energy landscape for the
myosins to navigate, as there are multiple binding sites for both forward (red arc) and backward
(gray arc) steps (Figure 1G).

Actin architecture influences competitive outcome

Two previous reports suggest that equal numbers of myosin V and VI anchored to the same scaffold
display solely unidirectional movement (Ali et al., 2011; Hariadi et al., 2014). However, they disagree
in the observed outcome of the competition. Myosin V dominates the competition (79%) when it is
tethered to myosin VI through a quantum dot (2 total) and the two compete on a single actin filament
(Ali et al., 2011). In contrast, myosin V and VI are evenly matched (myosin V wins 52%) when two of
each motor (4 total) are tethered to a DNA nanostructure and they compete on a two-dimensional
cellular actin network. This discrepancy between the observations could stem from either the scaffold
type (quantum dot vs DNA nanostructure), the total motor number (2 vs 4), or the actin architecture
(single filament vs keratocyte-derived actin network). We first tested the influence of scaffold type by
assessing the competition between a single myosin V dimer and a single myosin VI dimer on 1D actin
filaments (Figure 2). In positive controls, @V:2VI scaffolds (Figure 2A) move toward the minus-end of
the actin filaments, whereas 2V:@VI scaffolds (Figure 2C) travel toward the plus-end. Consistent with
previous reports (Ali et al., 2011; Hariadi et al., 2014), scaffolds with both myosin V and myosin
VI (1V:1VI) commit to a single direction on actin filaments (>99%; Figure 2B) with no directional
reversal detected. The movement of 1V:1VI scaffolds on single actin filaments is dominated by
plus-end directed movement (®,,; = 68 + 1%; Figure 2E), which is qualitatively consistent with
previous observations using quantum dot scaffolds (79% plus-end directed [Ali et al., 2011).
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Figure 1. Reconstitution of myosin-driven cargo sorting on 1D and 2D actin tracks. (A) Illustration of a programmable
DNA scaffold (Rothemund, 2006) with six attachment sites at the vertices of a hexagon (dashed-line, 35-nm side),
yielding 122 unique myosin V and VI combinations. Myosin V and VI were engineered with SNAP tags (Hariadi et al.,
2014) for covalent attachment of unique DNA oligonucleotides. These DNA oligonucleotides hybridize with
complementary sequences extending from the scaffold. (B-C) Representative snapshot of scaffold-motor complexes
(green) on actin filaments (B) and a keratocyte actin network (C). Actin was stabilized and labeled with Alexa488-
phalloidin (red). (D-E) Schematics depicting the interaction of scaffolds (yellow) with 1 myosin V (red) and 1 myosin VI
(blue) on an actin filament (D) and on the surface of the keratocyte actin network (E). The motors and actin tracks are
drawn approximately to scale. The keratocyte actin network is depicted by actin filaments oriented at +35°, which
Figure 1. continued on next page
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Figure 1. Continued

corresponds to the characteristic Arp2/3 branch angle (Maly and Borisy, 2001). Mesh size of the keratocyte actin
network (~30 nm) (Svitkina et al., 1995) is comparable to the step size of myosin V (~35 nm) and VI (~30 nm) (Rock
et al., 2001, Yildiz et al., 2003). (F-G) Hand-over-hand model of dimeric myosin stepping on 1D (F) and 2D (G) actin
tracks. The competition between antagonistic myosins gives rise to inter-motor tension depicted as a simple
harmonic spring (orange). For inter-motor tension below the stall force, the trailing head (light red) moves 36 nm
forward (red arrow) to a new position within the forward-step target zone (shaded red areas), while the leading head
(gray) remains stationary. High inter-motor tension induces a backward step (black arrow) of the leading head to
a target site within the back-step target zone (shaded gray areas).

DOI: 10.7554/elife.05472.003

The following figure supplements are available for figure 1:

Figure supplement 1. Flat rectangular DNA origami scaffold.
DOI: 10.7554/elife.05472.004

Figure supplement 2. Sequence diagram for a flat rectangular DNA origami scaffold.
DOI: 10.7554/elife.05472.005

Hence, scaffold type (quantum dot vs DNA nanostructure) is not the key determinant of competitive
outcome. We next examined the influence of actin architecture. In contrast to single actin filaments,
both plus and minus-end directed movement is equally represented (®,,; = 52 + 1%; Figure 2E) for
1V:1VI scaffolds moving along 2D keratocyte actin networks. Hence, the discrepancy between
previous reports using quantum dots (Ali et al., 2011) and DNA nanostructures (Hariadi et al., 2014)
stems primarily from the actin architecture.

Directional flux of scaffolds is linearly dependent on relative number of
myosin V and VI

In order to assess the role of relative motor number on competitive outcome, we next tested scaffolds
with varying ratios of myosin V and myosin VI motors (xV:yVI; Figure 3—figure supplement 1) on 2D
actin networks (Figure 3A). In every combination, the origami scaffold commits to a single direction,
either towards the cell periphery or the cell center (Figure 3B). The relative number of scaffolds that
move to the cell center and cell periphery (®,.; or ®;,), however, varies linearly with the fraction of
myosin V or myosin VI (Figure 3B-D). Thus, while the scaffolds have a dedicated direction of movement
on both 1D and 2D actin landscapes, the underlying competition (tug-of-war) systematically influences
the directional flux.

Engagement of antagonistic motors with the underlying actin network

The speed of nanostructures (1V:1VIl = (+) 162 + 7 nm/s; (=) 66 + 5 nm/s) along actin filaments is
significantly slower than nanostructures containing only two myosin V (2V:@VI = (+) 273 + 8 nm/s) or
two myosin VI (@V:2Vl = (=) 130 + 7 nm/s) (Figure 2D). Likewise, the speed of nanostructure
movement on the keratocyte network decreases as the difference in the number of the two motor
types approaches zero (Figure 3C). These reductions in speed with antagonistic motors are in
agreement with the previously published experiments involving quantum dots conjugated to one
myosin V and one myosin VI (Ali et al., 2011). Based on the reduction in speed for antagonistic
ensembles, as compared to groups of one myosin type, we hypothesized that all of the motors can
continuously interact with the actin tracks and collectively engage in competition. To test this
hypothesis, scaffolds were formed with three myosin V and three myosin VI (3V:3VI), where one of
the motor types was attached by photo-cleavable linkers (Figure 4A-B). Regardless of which motor
type is cleaved, removal of one myosin type from the competition increases the speed and results in
a single direction of movement (Figure 4C-F). The directional switch and increase in speed after
photo-cleavage indicate that all motors, regardless of type, are able to access the actin tracks and
engage in continuous competition. Together, these observations suggest that the collective
movement is due to a continuous interaction of both motor types, and not due to detachment of
losing motors from the actin track (or scaffold), when overpowered by the winning motor. Lastly, the
underlying continuous interaction is also consistent with our previous observation that myosin V
changes the trajectory shape of ensembles of myosin V and VI on 2D actin tracks (Hariadi et al.,
2014).
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Figure 2. Unidirectional movement and sorting of scaffolds with myosin V and VI along single actin filaments. (A-C) Kymographs showing the movement
of indicated motor ensembles along actin filaments. Scaffolds with myosin V and VI display unidirectional movements toward plus-or minus-ends of the
actin filament. The gray hexagon represents the organization of attachment sites on the scaffold, the red and blue arrows denote myosin V and VI,
respectively. (D) Speed of plus-end (blue) and minus-end (red) directed movement of indicated scaffolds on actin filaments. Error bars are S.E.M.

(E) Relative frequency of plus-end (n,) and minus-end (n

_) directed movement for 1V:1VI scaffolds on actin filaments and keratocyte actin networks.

Outward flux (@, is defined as the fraction of plus-end directed trajectories. Error bars are S.E.M. and were generated by bootstrapping (N > 202

trajectories; >3 experiments).
DOI: 10.7554/eLife.05472.006

Stochastic simulations identify key parameters that drive unidirectional
movement

To gain insight into the structural mechanisms of the observed directional flux, a minimal stochastic
simulation was used to model the contributions of inter-motor tension and intra-motor strain to the
competition between opposing motors (Figure 5; '‘Materials and methods’). In the model, two
opposing motors are coupled mechanically through a linear spring of strength ks (Figure 5A).
Since the motor proteins are the most flexible components of the scaffold-motor complex, ks is
dominated by the flexibility of the myosin motors. Each motor consists of two catalytic heads that
are connected by a lever arm with flexural rigidity ke. Each motor also has a comparable, albeit
mismatched, stall force (1 < Fhigh/Fiow < 2), where Fpigp and Fjo,, are the stall forces of the stronger
(myosin V) (Mehta et al., 1999, Uemura et al., 2004) and weaker (myosin VI) (Rock et al., 2001,
Nishikawa et al., 2002; Altman et al., 2004) motors, respectively. Our model assumes that
a motor can only perform a forward step if the resulting inter-motor tension (T) is less than its stall
force (Figure 5A). A successful step increases the inter-motor tension by AT = k,es, where s is the
motor step size. Initially T is set to zero and both motors take forward steps stochastically
in opposite directions, increasing T with each step. This sequence of movement proceeds until
a forward step increases T beyond the stall force of the stepping motor, which undergoes a
conformational change that leads to its preferential back-stepping (Gebhardt et al., 2006) thereby
relieving inter-motor tension (Ali et al., 2011).

Stochastic simulations that follow this model lead to solely unidirectional movement, with the
relative number of plus (n;) and minus (n_) end directed scaffolds dependent on the normalized
inter-motor tension per step (AT/F,,) and stall force ratio (rs = Fpign/Fiow) (Figure 5B). For equally
matched motors (r; = 1), there is an equal probability of trajectories moving in either direction
(®out = 50%). For 1 < rs < 2, the model shows that @,,; can be tuned from 50% to 100% depending
on the value of AT/F,,, (Figure 5B). For AT/F,,, < 0.5, the inter-motor tension exceeds the stall force
of the weaker motor, with the stronger motor winning most of the competitions (®,,; > 80%).
However, for 0.5 < AT/Fj,,, < 1 and stochastic stepping, there is a finite and increasing probability of
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Figure 3. Scaffolds show unidirectional movement along actin networks with directional flux controlled by relative
motor number. (A) Schematic of scaffold-myosin movement on the surface of the keratocyte actin network. Inward
(@;,) and outward directional flux (®,,,) are calculated as the fraction of myosin scaffolds moving towards the cell
center and periphery, respectively. (B) Sample trajectories of scaffolds on keratocyte actin networks with movement
towards the cell center in blue and the cell periphery in red. (C) Summary plot depicting influence of relative motor
number on directionality (red and blue) and speed (radius). The plot is aligned such that the y-axis represents total
motor number (myosin V + myosin VI), whereas the x-axis represents the difference between the two myosin types
(myosin V — myosin VI). Red or blue dashed lines correspond to scaffolds with equal numbers of myosin V or VI
motors, respectively. (D) Outward flux (®,,,) varies linearly with the difference between the number of myosin V and
VI (green line, R = 0.80). Positive and negative values indicate net movement towards cell periphery and cell center,
respectively. Error bars are S.E.M. and were generated by bootstrapping (N = 58-1897 trajectories; 3-4 keratocytes).
DOI: 10.7554/eLife.05472.007

The following figure supplement is available for figure 3:

Figure supplement 1. Scaffolds precisely patterned with myosin V and/or VI.
DOI: 10.7554/elife.05472.008

inter-motor tension exceeding the stall force of the stronger motor (‘Materials and methods’),
resulting in the weaker motor winning the competition (60% < ®,; < 80%). This regime captures the
experimentally measured ®,,; of 68% (®; Figure 5B), given the previously reported stall forces of
myosin V (Mehta et al., 1999, Uemura et al., 2004) and VI (Rock et al., 2001; Nishikawa et al., 2002;
Altman et al., 2004).

In our model for movement on a 1D actin filament track, the AT for myosins with equal step sizes is
the same regardless of which motor steps forward (AT = kges). Parallel simulations on digitized
keratocyte actin networks, however, incorporate an additional parameter, namely flexural rigidity of
the myosin lever arm kg (Hariadi et al., 2014) (Figure 5C and Figure 5—figure supplement 1), to
account for the misalignment of the lever arm relative to the local actin filament where the myosin
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Figure 4. Disengagement of one motor species resolves the competition. (A-B) Schematics of mixed-motor
scaffolds (gray hexagons) with three myosin V (A; red arrows) or three myosin VI (B; blue arrows) attached by photo-
cleavable linkers. UV-induced photo-cleavage (purple lightning bolt) converts mixed-motor scaffolds to scaffolds
with only myosin VI (A) or only myosin V (B). (C-F) Representative scaffold trajectories for photo-cleavable
experiments on keratocyte networks and their corresponding mean speed. Black squares mark the start of the
trajectories, and purple circles indicate the start of photo-cleavage. Individual data points in each trajectory, before
and after photo-cleavage, are indicated as open or closed circles, respectively. Disengagement of myosin V (C and
D) or myosin VI (E and F) results in movement toward cell-center or cell-periphery, respectively. In all cases, photo-
cleavage leads to significant increase in speed (p < 0.01). Error bars are S.E.M. (N > 19 trajectories; > 5 keratocytes).
DOI: 10.7554/elife.05472.009

head is bound (Figure 5 and Figure 5—figure supplement 1L). Simulations on these networks show
that the mean inter-motor tension per step (AT) can be significantly influenced by relative torsional
stiffness (ke/ks), regardless of network mesh size or inter-motor stiffness (Figure 5C-D and
Figure 5—figure supplements 1-3). On a 2D network, the higher the kr/ks of a motor, the greater
the AT when it steps forward. Thus one can model movement along a 2D network with a similar
simulation on a 1D track by redefining AT such that different AT values are accrued in each step
based on which motor steps forward (ATpgn and AT, for rigid and flexible motors respectively).
For such simulations on 2D networks, linking a rigid motor (ke/ks >> 1; ATpign) to a more flexible
one (ke/ks << 1; AT, is sufficient to systematically bias the competition in favor of the flexible
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stiffness k. Each motor takes either a forward or backward step, based on whether the inter-motor tension after the step (T) is below or above the
stall force (Fjow — myosin VI; Fpign — myosin V). (B) Outward flux of the mixed-motor ensemble (@) on single actin filaments as a function of the
normalized inter-motor tension per step (AT/Fj,,) and stall force ratio (rs = Fpign/Fiow). Based on previously reported stall forces for myosin V
(Mehta et al., 1999; Uemura et al., 2004) and VI (Rock et al., 2001; Nishikawa et al., 2002; Altman et al., 2004), r, = 1.5 and is indicated by the
gray shaded region (left). The corresponding experimentally measured @, (®; Figure 2) and r, = 1.5 yield a AT/Fj,,, = 0.55 + 0.01. (C) Schematic
forward step of a myosin with flexible (left) or rigid (right) lever arm on a digitized keratocyte actin network (green). The motor domains of the
stepping motor (light blue shoes), non-stepping motor (gray shoes), lever arms, inter-motor linkage (pre-step—black spring; post-step—orange
spring), and digitized actin network are drawn approximately to scale. The forward step results in an increase in both the inter-motor tension (AT
« kg) and the intra-motor torsion (r o« kg). A flexible forward stepping motor (ke/ks << 1) minimizes inter-motor tension (AT,y). A rigid forward
stepping motor (ke/ks >> 1) minimizes intra-motor torsion (ATy;gh). (D) Simulated AT as a function of ke/ks. Varying lever arm rigidity (kg/ks) is
sufficient to modulate AT. (E) Outward flux of the mixed-motor ensemble (®,,,) on the keratocyte actin network as a function of the relative
tension per step of the two motors (AThign/ATion). Gray shaded region (left) indicates the parameter space for AT/Fjo,, = 0.55 + 0.01 (see B).
The corresponding experimentally measured @, (®; Figures 2, 3) yields a AT}ign/ATo,, = 1.20 £ 0.05. This enhanced AT for rigid motors evens
out the competition on a branched 2D network compared to single filament tracks.

DOI: 10.7554/elife.05472.010

The following figure supplements are available for figure 5:

Figure supplement 1. Description of stochastic simulation.

DOI: 10.7554/elife.05472.011

Figure supplement 2. Actin network pore size alters tension generated.
DOI: 10.7554/elife.05472.012

Figure supplement 3. Inter-motor stiffness influences inter-motor tension.
DOI: 10.7554/elife.05472.013

motor (| ®gyr With 1AThign/ATow; Figure 5E). The experimentally measured ®,,; on 2D networks is
significantly lower than on single actin filaments (® vs @; Figure 5E). Based on this measurement,
the simulations estimate a AThign/ATjow = 1.20 + 0.05 (@; Figure 5E) that is consistent with a higher
flexural rigidity for myosin V (Hariadi et al., 2014) (Figure 5D). Therefore, our simulations reveal
that the greater flexural rigidity of myosin V compared to myosin VI is sufficient to equalize the
competition on 2D networks.
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Figure 6. Switching lever arms restores myosin V dominance. (A) Scaffold and motor schematics used in the lever

)
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arm competition experiments. Lever arm rigidity was balanced by engineering the myosin V motor domain with the
flexible lever arm of myosin VI (i; flexible vs flexible competition), or the myosin VI motor domain chimera with the
rigid lever arm of myosin V (ii; rigid vs rigid competition). Arrowheads and arrowtails depict the myosin heads and
lever arms, respectively (red—myosin V; blue—myosin VI). (B) Outward flux (®,,,) of indicated motor ensembles.
Error bars are S.E.M. and were generated by bootstrapping (N > 126 trajectories; > 3 keratocytes).

DOI: 10.7554/elife.05472.014

Swapping lever arms restores the dominance of the myosin with a higher
stall force

As described above, the model shows that the outward flux of scaffolds composed of opposing
motors on actin is influenced by the interplay between inter-motor tension and intra-motor strain
(Figure 5). To test this model, we engineered a myosin V/VI chimera containing the myosin V motor
domain with the flexible myosin VI lever arm and a myosin VI/V chimera consisting of the myosin VI
motor domain with a rigid myosin V lever arm. These chimeras allow us to assess the competition
involving opposing motors with similar lever arm rigidity, specifically 1V/VI:1VI (Figure 6A (i); flexible
vs flexible) and 1VI/V:1V (Figure 6A (ii); rigid vs rigid). In both cases, the flexural rigidities and the
changes in tension per step (AT) of the opposing motors were estimated to be similar. The outward
flux for ensembles involving either chimera (Figure 6A; i or i) on 2D actin networks are significantly
higher than scaffolds with 1V:1VI (Figure 6B). The higher outward flux indicates that balancing the
tension per step (AT) between the antagonistic motors is sufficient the restore the dominance of the
stronger motor (myosin V) on 2D actin networks.

Discussion

Myosin V and VI are antagonistic motors that cohabit membrane vesicles in neuronal growth cones
(Suter et al., 2000). Myosin V is implicated in secretory traffic, whereas myosin VI is important for timely
endocytosis (Suter et al., 2000, Sahlender et al., 2005; Kneussel and Wagner, 2013). While previous
studies have examined the competition between myosin V and VI (Ali et al., 2011; Hariadi et al., 2014),
a systematic measurement of their collective behavior is unexplored and formed the focus of this study.
We report that while antagonistic motor ensembles display solely unidirectional movement, as pre-
viously reported (Ali et al., 2011; Hariadi et al., 2014), their directional sorting can be linearly tuned by
the relative number of the two motor types. Further, this directional sorting can be modulated
independently by the myosin lever arm and the actin architecture. These observations support a simple
generalizable model, wherein competitive outcome is dependent on the ratio of the stall forces of the
antagonistic motor types. Taken together, our findings provide an elegant mechanism for regulating
vesicle sorting mediated by unconventional myosins, without the need to either segregate motor
subtypes to distinct cargo (Hartman et al., 2011) or engage regulatory proteins that preferentially
modulate the accessibility or activity of one of the motor types (Fu and Holzbaur, 2014).
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One model for the observed unidirectional transport is that only a single myosin on the DNA scaffold
interacts with the actin network at any given time. Under these conditions, the probability of movement
towards the cell center or periphery is proportional to the relative number of myosin VI or V,
respectively. However, this mechanism for the observed sorting is refuted by four distinct observations.
First, as previously reported (Hariadi et al., 2014), scaffold run length linearly increases with motor
number (Supplementary file 2), suggesting that multiple motors on the same scaffold are capable of
interacting with the actin network. Second, scaffold speed changes substantially with varying number
and type of myosin motors (Figure 3). For scaffolds with a given number of myosins, those with a single
subtype move faster than those with both myosin V and VI. The reduction in speed with both myosin
subtypes is consistent with the trailing myosin interacting with the actin network, despite the
unidirectional movement of the scaffold. This interpretation is consistent with the coordinated
back-stepping of the trailing motor observed by Ali et al. (2007). Third, for scaffolds with both
subtypes the speed decreases as the numbers of myosin V and VI are more evenly matched.
This systematic reduction in speed alone argues for progressive engagement of additional
antagonistic motors with the actin network. Fourth, experiments with photo-cleavable myosin-
scaffold linkages further show that removal of the antagonistic myosin leads to either an increase
in speed (release trailing motor) or a reversal in direction (release leading motor) (Figure 4).
Altogether, given these observations we propose an alternate model that emphasizes inter-
motor interactions (Figure 5).

Our model identifies the ratio of the stall forces (rs = Fpign/Fiow) of the antagonistic motors as
the key parameter that determines the outcome of scaffold sorting on 1D or 2D actin filament
tracks. For ensembles with mismatched motors (r¢ > 2), the model predicts unidirectional
movement led solely by the stronger motor. However, for motors of similar strength (1 < rs < 2),
the model predicts that either motor may lead the unidirectional motion, with the directional flux
of scaffolds dependent on r,. These predictions are consistent with the unidirectional movement
observed here, and in a previous report based on experiments using a single myosin V and a single
myosin VI attached to a quantum dot (Ali et al., 2011). Further, the model is in agreement with
a recent report of unidirectional trajectories for DNA scaffolds linked to both kinesins and dyneins
on 1D microtubules (Derr et al., 2012; Roberts et al., 2014). However, it differs from the
bi-directional movement of isolated endosomes that are driven by a combination of native kinesin
and dynein motors (Soppina et al., 2009). We speculate, though, that bi-directional movement
stems from the influence of additional regulatory elements on native endosomes (Kunwar et al., 2011).
Lastly, our model explains the differences in sorting observed in actin filaments vs 2D networks, and the
role of the myosin lever arm in regulating sorting. In essence, motors with greater intra-motor torsional
strain (rigid lever) experience a larger inter-motor tension per step and hence lose their competitive
edge on 2D networks.

The lever arm of myosin is primarily regarded as a mechanical amplifier in its chemo-
mechanical cycle (Spink et al., 2008). Our study, however, suggests a broader regulatory role
for the lever arm in membrane trafficking. We find that the structural properties of the myosin
lever arm control the directional flux of scaffolds on our model cellular actin network, thus having
implications on sorting of vesicular cargo. Beyond this observation, structural elements in
myosins have been shown to influence motility on actin networks. For instance, an extension of
the myosin X lever arm is necessary for its preferential processive movement on parallel actin
bundles, but not on single actin filaments (Brawley and Rock, 2009; Nagy and Rock, 2010).
Myosin VI, on the other hand, has a unique three-helix bundle in its lever arm, which can
unfold to alter the motor's structural properties (Mukherjea et al., 2014). Furthermore, for
groups of myosin V and VI, the flexibility of the lever arm controls trajectory shapes on 2D actin
networks (Hariadi et al., 2014). In addition to myosin structure, actin architecture also influences
myosin function. For example, single myosin V and VI have different stepping dynamics at actin
filament intersections (Ali et al., 2007) then on actin bundles (Ali et al., 2013). An in situ motility
assay using detergent-extracted cells also reported that individual myosin V, VI, and X dimers
show preferential motility on different actin architectures (Brawley and Rock, 2009). Together,
these studies suggest a subtler regulation of cellular processes that emerges from unique
structural features in myosins that modulate either individual or collective actin-myosin
interactions.
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Materials and methods

Buffer and reagents
1x Assay Buffer (AB Buffer): 25 mM imidazole (pH 7.5), 4 mM MgCl,, 1 mM EGTA, 25 mM KCl,
1 mM DTT; 1x AB.BSA: AB buffer + 1 mg/ml BSA; 1x AB.BSA.CAM: AB.BSA buffer + 9 pM calmodulin.

Preparation of Benzyl-guanine-labeled oligonucleotide

Benzyl-guanine NHS ester (BG-GLA-NHS; NEB, Ipswich, MA) was covalently linked to the Cé-amine
modified oligonucleotides (BG-oligo 1 and BG-oligo 5; Supplementary file 1). Briefly, 0.17 mM Cé-
amine-oligo-Cy3 was incubated with 11.6 mM BG-GLA-NHS in 0.1 M NaBOs for 2-4 hr at 37°C with
shaking. BG-labeled oligo was purified twice through lllustra G-50 micro columns (GE Healthcare,
Pittsburgh, PA) equilibrated in 2 mM Tris, pH 8.5. BG-oligo concentration was determined from
absorbance at 260 nm.

Myosin preparation and labeling

Myosin V, VI, V/VI, and VI/V were constructed, expressed in Sf9 insect cells, purified, and oligo-labeled
as previously described (Hariadi et al., 2014). Constructs contained from N- to C-terminus, myosin
motor domain and lever arm, a GCN4 leucine zipper (for dimerization), SNAP tag, a FLAG tag
(for purification), and finally a 6xHis tag (alternative purification tag). Myosin VI contained residues 1-992
from Sus scrofa and myosin Va, residues 1-1103 from Gallus gallus. For V/VI, residues 1-815 of myosin V
were followed by the lever arm of myosin VI (residues 917-992). For VI/V, residues 1-810 of myosin VI
were followed by residues 767-1103 of myosin V. Myosin VI and V/VI were cloned in pBiex-1 (EMD
Millipore, Germany) and expressed through transient transfection using the Escort VI system (Sigma, St.
Louis, MO). Myosin V and VI/V were cloned in pFastBac for calmodulin co-expression and expressed
through baculovirus infection. Cells were lysed, incubated with Anti-FLAG resin (Sigma), and washed
according to Hariadi et al. (2014). Myosin bound to Anti-FLAG resin was incubated with excess (>5 pM)
BG-oligo-Cy3 at 37°C for 30 min followed by overnight incubation on ice. Resin was washed three times
with Wash Buffer (20 mM Imidazole, 150 mM KCI, 5 mM MgCl,, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1
pg/ml PMSF, 10 pg/ml aprotinin, 10 ug/ml leupeptin, pH 7.4). Resin was then washed twice with Wash
Buffer + 55% (vol/vol) glycerol. Finally, BG-oligo-labeled myosin was incubated with 0.2 mg/ml FLAG-
peptide (Sigma). Calmodulin was added to 9 pM and protein was stored at —20°C. Labeling efficiency
was assessed with a 10% SDS-PAGE gel as labeled myosin displayed a distinct gel-shift.

Scaffold-myosin preparation

DNA nanostructures were prepared based on the detailed description in our previous work
(Hariadi et al., 2014). The sequences for the scaffold and all oligonucleotides are listed in
Supplementary file 1. Each origami scaffold is labeled with 23 Cy3 molecules (Figure 1—figure
supplements 1, 2, Figure 3—figure supplement 1, Supplementary file 1) for high signal-to-noise
imaging and contains a biotinylated-strand to facilitate removal of unbound myosins. Single-stranded
M13mp18 DNA (NEB) were mixed with fourfold excess of short stable strands (IDT, Coralville, IA),
followed by 2 hr annealing as previously described (Rothemund, 2006). Intact scaffolds were separated
from excess staple strands using Amicon Ultra 100K cutoff spin columns (EMD Millipore). Purified
scaffolds were mixed with excess labeled myosin, a mixture of 42-nt oligos with randomized sequences
(blocking oligos), and 1-5 pM calmodulin in 1x AB.BSA. After 10 min of incubation at room
temperature, excess streptavidin-coated magnetic beads (NEB) were added and incubated at room
temperature with shaking for 10 min. The beads were washed with AB.BSA.CAM. Finally, the beads
were incubated in AB.BSA.CAM containing an imaging solution of 2 mM ATP, 1 mM phosphocreatine,
0.1 mg/ml creatine-phosphokinase, 45 pg/ml catalase, 25 pg/ml glucose oxidase, 1-2% glucose, and
excess elution strand for strand displacement of origami from streptavidin magnetic beads.

Single actin filament assay

Motility assays were acquired at 120x magnification on an objective-based TIRF microscope
(Olympus 1X81) with a 60x NA 1.48 Apo TIRF objective (Olympus), 2x image magnifier, EMCCD
iXON Ultra, and a 488 nm laser (CUBE 488-50, for actin filaments), a 532 nm laser (Crystalaser,
CL532-150 mW-L, for excess Cy3-labeled myosin VI) and a 640 nm laser (Coherent, CUBE 640-100,
for Cy5-labeled DNA scaffold). Motility assays were performed using plasma-cleaned rectangular
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capillary tubes (EMS, 75 mm x 50 pm x 1 pm). First, biotinylated, 488Alexa-phalloidin-stabilized actin
filaments were immobilized to the inner surface of the capillary tube by BSA-biotin-neutravidin-linkages.
Unbound actin filaments were washed with AB.BSA. Purified myosin-scaffold complexes in AB.BSA.
CAM + imaging reagents (2 mM ATP, 1 mM phosphocreatine, 0.1 mg/ml creatine-phospho-kinase,
25 pg/ml glucose-oxidase, 45 pg/ml catalase, 1% glucose, 1 pM random library 42-nt ssDNA) were
added to the capillary chamber. For each field of view, the polarities of the Alexa488-phalloidin
stabilized actin filaments were determined from a 1 min motility movie of the remaining unbound
Cy3-labeled myosin VI in solution. The purification step was estimated to remove >95% of excess myosin
motors. Movies of Cy5-scaffold motility on the actin filaments were obtained at 2 Hz for >30 min.

Keratocyte assay

Keratocytes were derived from scales of Thorichthys meeki (Firemouth Cichlids) or Rocio octofasciata
(Jack Dempsey Cichlids) as previously described (Sivaramakrishnan and Spudich, 2009). All protocols
conform to the guidelines of the local animal care and use committee (IACUC). Extracted keratocytes
were washed with AB.BSA and stabilized with phalloidin (50 nM Alexa-488 phalloidin [Invitrogen] and
200 nM unlabeled phalloidin [Sigmal]). Purified Cy5-labeled origami-myosin scaffolds in AB.BSA.
CAM buffer containing imaging reagents (2 mM ATP, 1 mM phosphocreatine, 0.1 mg/ml creatine-
phospho-kinase, 25 pg/ml glucose-oxidase, 45 pg/ml catalase, 1% glucose, 1 pM random library 42-nt
ssDNA) were added to extracted keratocytes as previously described (Hariadi et al., 2014). Time-lapse
imaging was taken using 150x magnification on a Nikon TiE microscope equipped with a 100 x 1.4 NA
Plan-Apo oil-immersion objective, 1.5 magpnifier, a mercury arc lamp, Evolve EMCCD camera (512 pixel
x 512 pixel; Photometrics), Nikon Perfect Focus System, and Nikon NIS-Elements software.

Photo-cleavable myosin experiments

Myosin-scaffolds were composed of either three photo-cleavable myosin V and three myosin VI or
three myosin V and three photo-cleavable myosin VI (Figure 4A-B). Removal of one myosin type from
the scaffold was achieved by introducing a photocleavable element in selected myosin-attachment
DNA linkers (Supplementary file 1). Myosins with photo-cleavable DNA linkers were released from
the scaffolds through continuous excitation with UV laser (405 nm; Coherent CUBE 405-100; 0.2 mW
exposure). The trajectories were classified into four classes of movement based on the position of the
photo-cleavable linkers and pre/post events (Figure 4).

Data analysis

Trajectories of individual scaffold-myosin complexes were analyzed using custom MATLAB Particle
Tracking software (Churchman et al., 2005) and Imaris (Bitplane). A 2D-gaussian fit was used to
estimate scaffold position with sub-pixel resolution. Intensity of scaffold was used to exclude
scaffold dimers. Directional flux analysis was automated with custom-code in Mathematica (available
at https://github.com/rizalhariadi/Directional Analysis). Analysis of directional scaffold movement was
performed only to scaffold-myosin complexes that moved for more than é continuous frames (3 s) and
covered a distance of more than 8 pixels (860 nm). For experiments on keratocytes, the directional
trajectory was determined as follow. First, a local actin polarity vector was calculated for each trajectory
(Hariadi et al., 2014). Then, the movement direction for each trajectory was the calculated by comparing
two Euclidian distances along the actin polarity field vector; (1) distance between starting point and cell
periphery, Axg.+, and (2) distance between finish point and cell periphery, Axg,isp. Trajectories away from
the cell center have a negative (Axfinish — AXstar), Whereas trajectories toward the cell-center are positive.

Simulation of competitive movement

1. The centers of mass of the two motors are connected by a simple linear spring of stiffness k; and initial inter-
motor tension T = 0.
2. The stall force for myosin V and VI are defined as Fy,g, and Fio,, respectively.
3. The dwell time is assumed to be exponentially distributed, and a series of discrete dwell times are derived from
previously measured mean dwell times for myosin V (170 ms) and VI (215 ms) (Hariadi et al., 2014).
4. The motor with the shorter dwell time steps first.
. A myosin step increases T.
a. For movement on an actin filament, a myosin step increases the tension by .7"(AT, 0.1 AT) regardless of motor
type, where ./ (y, o) represents a normal distribution with mean = p and standard deviation = .
b. For movement on keratocytes, a myosin V step increases the tension by ./ (ATpigh, 0.1 ATpigh) Whereas
a myosin VI step increases the tension by ./ (ATjow, 0.1 ATjo).

2]
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6. After each motor step, the resulting T is used to modify the dwell time of each motor as follows:

a. A linear force-speed relationship is assumed for both motors.

b. Tis used to calculate the mean speed (1) and mean dwell time (x v™") for each motor. The load-dependent
speed is given by v = vp (1 — T/Fg1), where v, is the zero-strained speed, Fg.y is the stall force of the
stepping motor (Fpigh or Fiou) and T is the inter-motor tension (0 < T < Fy,y).

c. The discrete dwell time distribution of each motor is modified in proportion to the estimated mean dwell
time after each step.

7. The new discrete dwell time distribution is used to identify the next stepping motor, with a repeat of steps 5-7.
8. If T is larger than the stall force of the stepping motor (Fhign or Fiou), then this motor undergoes

a conformational change that leads to preferential back-stepping (Gebhardt et al., 2006). This motor is

designated as the ‘losing’ motor. The scaffold is now primed for unidirectional movement lead by the ‘winning

motor’.
9. Steps 1-8 are simulated over >1000 times for each value of AT, ry (Fhign/Fiow), and for simulations on
keratocytes a given value of (AThigh/ATou). For each simulation:

a. If the stronger motor (Fpigh) is the winning motor n, = n, + 1.

b. If the weaker motor (Fj,,,) is the winning motor n_ = n_ + 1.

10. For each condition outward flux is calculated as ®,,; = n./An, + n_).
11. @, measurements are plotted over a range of normalized AT (AT/Fiou), rs, and (AThign/ATiow).

Estimate inter-molecular tension per step (AT) for movement on keratocytes as a function of kg/ks
(Figure 5C-D and Figure 5—figure supplements 1-3)—Stochastic simulations of movement of motor
ensembles with lever arm flexural rigidity kr and inter-motor stiffness k; on the digitized actin network
were performed in Mathematica (Figure 5—figure supplement 1). For movement on keratoctes, AT after
each step is given by k; @ (Axpos: — AXpre) < ks @ 5, where Axpos: and Axge are the inter-motor extensions
before and after the step and s is the myosin step size on the actin filament. Note that movement on
keratocytes gives rise to lower AT than the collective movement on single actin filament (AT = k; o s). Mean
and standard deviation in AT for each ke/ks were computed from 400 simulated steps (Figure 5D).

Statistical analysis

Bootstrap error estimates

Bootstrapping was used to estimate the uncertainty (S.E.M.) of a measurement X (Figures 2-4, 6).
From the data set of size N for measurement X, a subset of data points was randomly selected of size
LN/2], where the brackets denote rounding off to the nearest integer. This was repeated >1000 times,
and in each subset an element was never chosen more than once. An average measurement, x;, was
then generated for each data set. Finally, the standard deviation of x; was calculated from these
measurements and used to estimate of the uncertainty in the measurement of X.

Acknowledgements

The authors thank M Ritt and M Cale for technical assistance. Research was funded by the American
Heart Association Scientist Development Grant (13SDG14270009) and the NIH (1DP2 CA186752-01
and 1-R01-GM-105646-01-A1). RFS is a Life Sciences Research Foundation Fellow.

Additional information

Funding

Funder Grant reference Author

National Institutes of Health 1-R01-GM-105646-01-  Sivaraj

(NIH) Al Sivaramakrishnan
American Heart Association 13SDG 14270009 Sivaraj

(AHA) Sivaramakrishnan
National Institutes of Health 1DP2 CA186752-01 Sivaraj

(NIH) Sivaramakrishnan
Life Sciences Research postdoctoral fellowship Ruth F Sommese
Foundation

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Hariadi et al. eLife 2015;4:e05472. DOI: 10.7554/eLife.05472 14 of 16


http://dx.doi.org/10.7554/eLife.05472

LI FE Research article Biophysics and structural biology | Cell biology

Author contributions

RFH, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting or
revising the article; RFS, Acquisition of data, Analysis and interpretation of data, Drafting or revising
the article; SS, Conception and design, Analysis and interpretation of data, Drafting or revising the
article

Additional files

Supplementary files

¢ Supplementary file 1. Computer aided staple strand sequences for the flat-rectangular DNA
origami scaffold.

DOI: 10.7554/eLife.05472.015

¢ Supplementary file 2. Summary of run length measurements.
DOI: 10.7554/elife.05472.016

References

Ali MY, Kennedy GG, Safer D, Trybus KM, Sweeney HL, Warshaw DM. 2011. Myosin Va and myosin VI coordinate
their steps while engaged in an in vitro tug of war during cargo transport. Proceedings of the National Academy
of Sciences of USA 108:E535-E541. doi: 10.1073/pnas.1104298108.

Ali MY, Krementsova EB, Kennedy GG, Mahaffy R, Pollard TD, Trybus KM, Warshaw DM. 2007. Myosin Va
maneuvers through actin intersections and diffuses along microtubules. Proceedings of the National Academy of
Sciences of USA 104:4332-4336. doi: 10.1073/pnas.0611471104.

Ali MY, Previs SB, Trybus KM, Sweeney HL, Warshaw DM. 2013. Myosin VI has a one track mind versus myosin Va
when moving on actin bundles or at an intersection. Traffic 14:70-81. doi: 10.1111/tra.12017.

Altman D, Sweeney HL, Spudich JA. 2004. The mechanism of myosin VI translocation and its load-induced
anchoring. Cell 116:737-749. doi: 10.1016/50092-8674(04)00211-9.

Brawley CM, Rock RS. 2009. Unconventional myosin traffic in cells reveals a selective actin cytoskeleton.
Proceedings of the National Academy of Sciences of USA 106:9685-9690. doi: 10.1073/pnas.0810451106.

Buss F, Kendrick-Jones J. 2008. How are the cellular functions of myosin VI regulated within the cell? Biochemical
and Biophysical Research Communications 369:165-175. doi: 10.1016/j.bbrc.2007.11.150.

Churchman LS, Okten Z, Rock RS, Dawson JF, Spudich JA. 2005. Single molecule high-resolution colocalization of
Cy3 and Cy5 attached to macromolecules measures intramolecular distances through time. Proceedings of the
National Academy of Sciences of USA 102:1419-1423. doi: 10.1073/pnas.0409487102.

De La Cruz EM, Ostap EM, Sweeney HL. 2001. Kinetic mechanism and regulation of myosin VI. The Journal of
Biological Chemistry 276:32373-32381. doi: 10.1074/jbc.M104136200.

De La Cruz EM, Wells AL, Rosenfield SS, Ostap EM, Sweeney HL. 1999. The kinetic mechanism of myosin V.
Proceedings of the National Academy of Sciences of the United States of America 96:13726-13731. doi: 10.1073/
pnas.96.24.13726.

Derr ND, Goodman BS, Jungmann R, Leschziner AE, Shih WM, Reck-Peterson SL. 2012. Tug-of-war in motor
protein ensembles revealed with a programmable DNA origami scaffold. Science 338:662-665. doi: 10.1126/
science.1226734.

Fu MM, Holzbaur EL. 2014. Integrated regulation of motor-driven organelle transport by scaffolding proteins.
Trends in Cell Biology 24:564-574. doi: 10.1016/j.tcb.2014.05.002.

Gebhardt JC, Clemen AE, Jaud J, Rief M. 2006. Myosin-V is a mechanical ratchet. Proceedings of the National
Academy of Sciences of USA 103:8680-8685. doi: 10.1073/pnas.0510191103.

Hariadi RF, Cale M, Sivaramakrishnan S. 2014. Myosin lever arm directs collective motion on cellular actin network.
Proceedings of the National Academy of Sciences of USA 111:4091-4096. doi: 10.1073/pnas.1315923111.

Hartman MA, Finan D, Sivaramakrishnan S, Spudich JA. 2011. Principles of unconventional myosin function and
targeting. Annual Review of Cell and Developmental Biology 27:133-155. doi: 10.1146/annurev-cellbio-100809-
151502.

Hasson T, Gillespie PG, Garcia JA, MacDonald RB, Zhao Y, Yee AG, Mooseker MS, Corey DP. 1997.
Unconventional myosins in inner-ear sensory epithelia. The Journal of Cell Biology 137:1287-1307. doi: 10.1083/
jcb.137.6.1287.

Kneussel M, Wagner W. 2013. Myosin motors at neuronal synapses: drivers of membrane transport and actin
dynamics. Nature Reviews Neuroscience 14:233-247. doi: 10.1038/nrn3445.

Kunwar A, Tripathy SK, Xu J, Mattson MK, Anand P, Sigua R, Vershinin M, McKenney RJ, Yu CC, Mogilner A, Gross
SP. 2011. Mechanical stochastic tug-of-war models cannot explain bidirectional lipid-droplet transport.
Proceedings of the National Academy of Sciences of USA 108:18960-18965. doi: 10.1073/pnas.1107841108.

Lee MC, Miller EA, Goldberg J, Orci L, Schekman R. 2004. Bi-directional protein transport between the ER and Golgi.
Annual Review of Cell and Developmental Biology 20:87-123. doi: 10.1146/annurev.cellbio.20.010403.105307.

Hariadi et al. eLife 2015;4:e05472. DOI: 10.7554/eLife.05472 15 of 16


http://dx.doi.org/10.7554/eLife.05472.015
http://dx.doi.org/10.7554/eLife.05472.016
http://dx.doi.org/10.1073/pnas.1104298108
http://dx.doi.org/10.1073/pnas.0611471104
http://dx.doi.org/10.1111/tra.12017
http://dx.doi.org/10.1016/S0092-8674(04)00211-9
http://dx.doi.org/10.1073/pnas.0810451106
http://dx.doi.org/10.1016/j.bbrc.2007.11.150
http://dx.doi.org/10.1073/pnas.0409487102
http://dx.doi.org/10.1074/jbc.M104136200
http://dx.doi.org/10.1073/pnas.96.24.13726
http://dx.doi.org/10.1073/pnas.96.24.13726
http://dx.doi.org/10.1126/science.1226734
http://dx.doi.org/10.1126/science.1226734
http://dx.doi.org/10.1016/j.tcb.2014.05.002
http://dx.doi.org/10.1073/pnas.0510191103
http://dx.doi.org/10.1073/pnas.1315923111
http://dx.doi.org/10.1146/annurev-cellbio-100809-151502
http://dx.doi.org/10.1146/annurev-cellbio-100809-151502
http://dx.doi.org/10.1083/jcb.137.6.1287
http://dx.doi.org/10.1083/jcb.137.6.1287
http://dx.doi.org/10.1038/nrn3445
http://dx.doi.org/10.1073/pnas.1107841108
http://dx.doi.org/10.1146/annurev.cellbio.20.010403.105307
http://dx.doi.org/10.7554/eLife.05472

LI FE Research article Biophysics and structural biology | Cell biology

Liao JC, Elting MW, Delp SL, Spudich JA, Bryant Z. 2009. Engineered myosin VI motors reveal minimal structural
determinants of directionality and processivity. Journal of Molecular Biology 392:862-867. doi: 10.1016/j.jmb.
2009.07.046.

Lu H, Efremov AK, Bookwalter CS, Krementsova EB, Driver JW, Trybus KM, Diehl MR. 2012. Collective dynamics of
elastically coupled myosin V motors. The Journal of Biological Chemistry 287:27753-27761. doi: 10.1074/jbc.
M112.371393.

Maly IV, Borisy GG. 2001. Self-organization of a propulsive actin network as an evolutionary process. Proceedings
of the National Academy of Sciences of USA 98:11324-11329. doi: 10.1073/pnas.181338798.

Mehta AD, Rock RS, Rief M, Spudich JA, Mooseker MS, Cheney RE. 1999. Myosin-V is a processive actin-based
motor. Nature 400:590-593. doi: 10.1038/23072.

Mukherjea M, Ali MY, Kikuti C, Safer D, Yang Z, Sirkia H, Ropars V, Houdusse A, Warshaw DM, Sweeney HL. 2014.
Myosin VI must dimerize and deploy its unusual lever arm in order to perform its cellular roles. Cell Reports 8:
1522-1532. doi: 10.1016/j.celrep.2014.07.041.

Nagy S, Rock RS. 2010. Structured post-IQ domain governs selectivity of myosin X for fascin-actin bundles. The
Journal of Biological Chemistry 285:26608-26617. doi: 10.1074/jbc.M110.104661.

Nishikawa S, Homma K, Komori Y, Iwaki M, Wazawa T, Hikikoshi Iwane A, Saito J, lkebe R, Katayama E, Yanagida
T, lkebe M. 2002. Class VI myosin moves processively along actin filaments backward with large steps.
Biochemical and Biophysical Research Communications 290:311-317. doi: 10.1006/bbrc.2001.6142.

Rief M, Rock RS, Mehta AD, Mooseker MS, Cheney RE, Spudich JA. 2000. Myosin-V stepping kinetics: a molecular
model for processivity. Proceedings of the National Academy of Sciences of USA 97:9482-9486. doi: 10.1073/
pnas.97.17.9482.

Roberts AJ, Goodman BS, Reck-Peterson SL. 2014. Reconstitution of dynein transport to the microtubule plus end
by kinesin. eLife 3:e02641. doi: 10.7554/elife.02641.

Rock RS, Rice SE, Wells AL, Purcell TJ, Spudich JA, Sweeney HL. 2001. Myosin VI is a processive motor with a large
step size. Proceedings of the National Academy of Sciences of USA 98:13655-13659. doi: 10.1073/pnas.
191512398.

Rogers AR, Driver JW, Constantinou PE, Kenneth Jamison D, Diehl MR. 2009. Negative interference dominates
collective transport of kinesin motors in the absence of load. Physical Chemistry Chemical Physics 11:4882-4889.
doi: 10.1039/b900964g.

Rothemund PW. 2006. Folding DNA to create nanoscale shapes and patterns. Nature 440:297-302. doi: 10.1038/
nature04586.

Sahlender DA, Roberts RC, Arden SD, Spudich G, Taylor MJ, Luzio JP, Kendrick-Jones J, Buss F. 2005. Optineurin
links myosin VI to the Golgi complex and is involved in Golgi organization and exocytosis. The Journal of Cell
Biology 169:285-295. doi: 10.1083/jcb.200501162.

Schaus TE, Taylor EW, Borisy GG. 2007. Self-organization of actin filament orientation in the dendritic-nucleation/
array-treadmilling model. Proceedings of the National Academy of Sciences of USA 104:7086-7091. doi: 10.
1073/pnas.0701943104.

Sivaramakrishnan S, Spudich JA. 2009. Coupled myosin VI motors facilitate unidirectional movement on an F-actin
network. The Journal of Cell Biology 187:53-60. doi: 10.1083/jcb.200906133.

Soppina V, Rai AK, Ramaiya AJ, Barak P, Mallik R. 2009. Tug-of-war between dissimilar teams of microtubule
motors regulates transport and fission of endosomes. Proceedings of the National Academy of Sciences of USA
106:19381-19386. doi: 10.1073/pnas.0906524106.

Spink BJ, Sivaramakrishnan S, Lipfert J, Doniach S, Spudich JA. 2008. Long single alpha-helical tail domains bridge
the gap between structure and function of myosin VI. Nature Structural & Molecular Biology 15:591-597. doi: 10.
1038/nsmb.1429.

Spudich JA, Sivaramakrishnan S. 2010. Myosin VI: an innovative motor that challenged the swinging lever arm
hypothesis. Nature Reviews Molecular Cell Biology 11:128-137. doi: 10.1038/nrm2833.

Suter DM, Espindola FS, Lin CH, Forscher P, Mooseker MS. 2000. Localization of unconventional myosins V and VI
in neuronal growth cones. Journal of neurobiology 42:370-382. doi: 10.1002/(SICI)1097-4695(20000215)42:33.0.
CO;2-V.

Svitkina TM, Borisy GG. 1998. Correlative light and electron microscopy of the cytoskeleton of cultured cells.
Methods in Enzymology 298:570-592. doi: 10.1016/50076-6879(98)98045-4.

Svitkina TM, Verkhovsky AB, Borisy GG. 1995. Improved procedures for electron microscopic visualization of the
cytoskeleton of cultured cells. Journal of Structural Biology 115:290-303. doi: 10.1006/jsbi.1995.1054.

Trybus KM. 2008. Myosin V from head to tail. Cellular and Molecular Life Sciences 65:1378-1389. doi: 10.1007/
s00018-008-7507-6.

Uemura S, Higuchi H, Olivares AO, De La Cruz EM, Ishiwata S. 2004. Mechanochemical coupling of two substeps in
a single myosin V motor. Nature Structural & Molecular Biology 11:877-883. doi: 10.1038/nsmb806.

Woo S, Rothermund PW. 2011. Programmable molecular recognition based on the geometry of DNA
nanostructures. Nature chemistry 3:620-627. doi: 10.1038/nchem.1070.

Yildiz A, Forkey JN, McKinney SA, Ha T, Goldman YE, Selvin PR. 2003. Myosin V walks hand-over-hand: single
fluorophore imaging with 1.5-nm localization. Science 300:2061-2065. doi: 10.1126/science.1084398.

Zanetti G, Pahuja KB, Studer S, Shim S, Schekman R. 2012. COPII and the regulation of protein sorting in
mammals. Nature Cell Biology 14:20-28. doi: 10.1038/ncb2390.

Hariadi et al. eLife 2015;4:e05472. DOI: 10.7554/eLife.05472 16 of 16


http://dx.doi.org/10.1016/j.jmb.2009.07.046
http://dx.doi.org/10.1016/j.jmb.2009.07.046
http://dx.doi.org/10.1074/jbc.M112.371393
http://dx.doi.org/10.1074/jbc.M112.371393
http://dx.doi.org/10.1073/pnas.181338798
http://dx.doi.org/10.1038/23072
http://dx.doi.org/10.1016/j.celrep.2014.07.041
http://dx.doi.org/10.1074/jbc.M110.104661
http://dx.doi.org/10.1006/bbrc.2001.6142
http://dx.doi.org/10.1073/pnas.97.17.9482
http://dx.doi.org/10.1073/pnas.97.17.9482
http://dx.doi.org/10.7554/eLife.02641
http://dx.doi.org/10.1073/pnas.191512398
http://dx.doi.org/10.1073/pnas.191512398
http://dx.doi.org/10.1039/b900964g
http://dx.doi.org/10.1038/nature04586
http://dx.doi.org/10.1038/nature04586
http://dx.doi.org/10.1083/jcb.200501162
http://dx.doi.org/10.1073/pnas.0701943104
http://dx.doi.org/10.1073/pnas.0701943104
http://dx.doi.org/10.1083/jcb.200906133
http://dx.doi.org/10.1073/pnas.0906524106
http://dx.doi.org/10.1038/nsmb.1429
http://dx.doi.org/10.1038/nsmb.1429
http://dx.doi.org/10.1038/nrm2833
http://dx.doi.org/10.1002/(SICI)1097-4695(20000215)42:33.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1097-4695(20000215)42:33.0.CO;2-V
http://dx.doi.org/10.1016/S0076-6879(98)98045-4
http://dx.doi.org/10.1006/jsbi.1995.1054
http://dx.doi.org/10.1007/s00018-008-7507-6
http://dx.doi.org/10.1007/s00018-008-7507-6
http://dx.doi.org/10.1038/nsmb806
http://dx.doi.org/10.1038/nchem.1070
http://dx.doi.org/10.1126/science.1084398
http://dx.doi.org/10.1038/ncb2390
http://dx.doi.org/10.7554/eLife.05472


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'eLife'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


