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Summary

Class-1 myosins are molecular motors that link cellular membranes to the actin cytoskeleton and
play roles in membrane tension generation, membrane dynamics, and mechano-signal transduction
[1]. The widely expressed myosin-lc (myolc) isoform binds tightly to phosphatidylinositol 4,5-
bisphosphate (PtdIns(4,5)P,) via a pleckstrin homology domain located in the myolc tail, which is
important for its proper cellular localization [2-4]. In this study, we found that myolc can power
actin motility on fluid membranes composed of physiological concentrations of PtdIns(4,5)P», and
that this motility is inhibited by high concentrations of anionic phospholipids. Strikingly, this
motility occurs along curved paths in a counterclockwise direction (i.e., the actin filaments turn in
leftward circles). A biotinylated myoZlc construct containing only the motor domain and the lever
arm anchored via streptavidin on a membrane containing biotinylated lipid can also generate
asymmetric motility, suggesting the tail domain is not required for the counterclockwise turning.
We found that the ability to produce counterclockwise motility is not a universal characteristic of
myosin-1 motors, as membrane-bound myosin-la (myola) and myosin-1b (myolb) are able to
power actin gliding, but the actin gliding has no substantial turning bias. This work reveals a
possible mechanism for establishing asymmetry in relationship to the plasma membrane.

Experimental Procedures

Proteins and Reagents

Motility assays were performed in KMg25 (10 mM MOPS, pH 7.0, 25 mM KCI, 1 mM
DTT, 1 mM EGTA, 1 mM MgCl,). Reagents and proteins, including the methods for the
expression and purification of myolc constructs, are described in Supplemental Information.

Preparation of SLBs

Small unilamellar vesicles (SUVs) for formation of supported lipid bilayers were prepared
as described previously [7] with modifications. Briefly, lipids were mixed at the appropriate
molar ratios, dried under vacuum, and resuspended in HNa100 (10 mM HEPES, pH 7.0, 100

© 2012 Elsevier Inc. All rights reserved.

"Correspondence to: E. Michael Ostap, Department of Physiology, Perelman School of Medicine at the University of Pennsylvania,
B400 Richards Building, Philadelphia, PA 19104-6085, Phone: 215-573-9758, Fax: 215-573-1171, ostap@mail.med.upenn.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pyrpassopoulos et al.

Page 2

mM NaCl, ImM DTT, and 1mM EGTA) with vortexing. Suspensions were subjected to 4
freeze-thaw cycles followed by tip sonication. Samples were centrifuged for 15 min at
15,700 x gat 4°C, and supernatants were stored under N, at 4°C for no more than four days.

Supported lipid bilayers were prepared as described [32] with modifications. Glass
coverslips were soaked in 7X Cleaning Solution (MP Biomedicals) for 1 h, rinsed with
copious amounts of deionized water, dried, and cleaned in a Plasma Cleaner/Sterilizer
(Harrick) for 10 min. The cleaned coverslips were used immediately to construct standard
motility chambers [15] using double-sided tape and vacuum grease. To make PtdIns(4,5)P,
bilayers, SUVs containing the desired mole fraction of PtdIns(4,5)P, were incubated in
chambers for 20-30 minutes. For bilayers containing 2% PtdIns(4,5)P, and 20% DOPS,
SUVs were added to chambers with 3 mM MgCl, and incubated for 17 min. For bilayers
composed of 60% DOPS, SUVs were added to chambers with CaCl, at a final concentration
of 5 mM and incubated for 40 min; the chambers were then washed with HNa100 and re-
incubated with SUVs in the absence of CaCl, for another 30 min before the final washing.
All chambers were washed with 10 or more chamber volumes of HNa100 buffer before use.
FRAP was performed on all SLBs to ensure the bilayers were continuous and without
defect, as described in Supplemental Information.

In Vitro Motility Assays

In vitro matility assays were performed in standard motility chambers [15] at 20 and 37 °C.
Briefly, for assays on nitrocellulose-coated cover slips, chambers were assembled using
double stick tape and silicon vacuum grease (Beckman). Solutions were added sequentially
to the chamber and incubated for 1-2 min each as follows: 0.35 mg/ml anti-myolc
monoclonal antibody in KMg25, 5 mg/ml casein made from 10 mg/ml stock in HNa100 and
filtered to remove solids (Sigma), myolc in KMg25 with 10 pM calmodulin, three washes
with motility buffer, 40 nM actin filaments stabilized with Alexa Fluor 488 Phalloidin
(Invitrogen) in KMg25, activation buffer (KMg25, 1mM ATP, 10 uM calmodulin, 1 mg/ml
glucose, 192 U/ml glucose oxidase (Sigma), 48 pg/mL catalase (Roche)). For assays on
SLBs, 2.5-7 nM actin filaments stabilized with Alexa Fluor 488nm Phalloidin were pre-
mixed with the desired concentration of myosin in activation buffer before addition to the
chamber. For motility on biotinylated lipid bilayers, solutions were added sequentially as
follows: 0.1 mg/ml streptavidin or neutravidin (Invitrogen) in HNa100 (1-2 min), extensive
washes with HNa100, 0.2-7 uM biotinylated myosin construct in the presence of 10 uyM
calmodulin (1-2 min), washed extensively with KMg25, 2.5-7 nM actin filaments stabilized
with Alexa Fluor 488 Phalloidin in activation buffer. SLBs and actin filaments were imaged
under fluorescent light illumination at 560 nm and 488 nm, respectively, on a Leica DMIRB
microscope using a 100-fold magnification Leica oil objective of numerical aperture 1.4.
The continuity of the SLBs was always checked before and after each time-lapse acquisition
by recording the fluorescence recovery of a region bleached by constant (~1-2 min)
fluorescent illumination. The rate of actin filament gliding was determined from manual
tracking using MetaMorph (Universal Imaging) or the Manual Tracking plug-in for ImageJ
[33]. The average gliding speed of each filament was obtained over 10 — 20 min time
periods by tracking the filament position at 10 — 30 s intervals, depending of the gliding
speed. Only filaments moving in a directional manner were used for analysis.

Calculation of Counterclockwise Bias

The relative angular change <A6> was measured between the lines connecting the leading
and trailing ends of a filament after 10 min of motility. The sigh of <A©> was defined as
positive in the counterclockwise direction and negative in the clockwise direction. This
measurement was then normalized by dividing by the average distance travelled <As> using
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the corresponding average velocity in each case (Table S2). Counterclockwise bias was
calculated as normalized angular change (<AB>/<As>).

Cell biological studies have shown that myosin-1 isoforms concentrate on cell membranes,
and biochemical experiments have shown that myosin-I isoforms bind directly to lipid
membranes via electrostatic interactions [2, 3, 5-7]. In support of a membrane-associated
function, myosin-I from the lower eukaryote, Acanthamoeba castellanii, was shown to
power the gliding of actin filaments when the motor was bound to fluid, planar lipid-bilayers
composed of the anionic phospholipid 1,2-dioleoyl-sr-glycero-3-phospho-L-serine (DOPS)
and the neutral phospholipid 1,2-Dioleoyl-sr-glycero-3-phosphocholine (DOPC) [8].
However, subsequent experiments found vertebrate myola was not able to power actin
gliding while bound to membranes of similar composition that were verified to be fluid and
continuous [9].

To clarify the motile properties of membrane-bound vertebrate myosin-I, we examined the
motility of myosin-lc (myolc), the widely expressed isoform that plays roles in hearing [10],
endocytosis [11], exocytosis [12], and membrane recycling [13]. Myolc binds to
phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P») via a pleckstrin homology (PH)
domain in its tail domain, and membrane binding via this site is crucial for the motor’s
proper cellular localization [2-4]. The affinity of myolc for PtdIns(4,5)P,-containing
membranes is further increased by binding of additional anionic phospholipids to other
positively charged regions within the myolc tail and regulatory domains [2, 14]. However,
in the absence of poly-phosphoinositides, these myolc interactions require non-
physiological mole fractions of anionic phospholipids [2, 3].

We used /n vitro actin-gliding assays to measure the ability of myolc to power motility on
fluid supported lipid bilayers (SLBs) containing 2% PtdIns(4,5)P, and 98% DOPC (see
Table S1 for SLB fluidity parameters). The attachment of myolc to PtdIns(4,5)P,-
containing membranes is dynamic, i.e., it binds to and detaches from membranes [14]. Thus,
a solution of premixed myosin, actin and ATP was added to the motility chamber (Figure
1A), rather than washing out free motor prior to addition of actin and ATP, as is the usual
procedure in these assays [15]. Actin filaments clearly moved directionally along the surface
of the SLB (Figure 1B; see also Movie S1 available online), with speeds that ranged
between 16 — 22 nm/s at 22 ° C when the total myolc concentration was varied between 90
—900 nM (Figure 2A). Addition of myolc at concentrations below 90 nM resulted in
periods of non-directional diffusive movements of actin, as well as short periods of directed
motility, consistent with a low density of myosin bound to the surface. Robust motility (70
nm/s) of 900 nM myolc was also observed at 37 °C. Surface-attached actin filaments were
not observed in the absence of myosin, and there was no binding of actin to SLBs composed
only of DOPC in the presence of myolc. Transient attachment of actin to SLBs was
observed in the presence of 0.5% PtdIns(4,5)P, and 90— 900 nM myolc, but motility was
diffusive and not directional.

Myolc adsorbed to a nitrocellulose coated surface using an antibody that recognizes the tail
domain supported motility with speeds similar to those measured for myoZlc bound to 2%
PtdIns(4,5)P, SLBs (Figure 2A). The actin gliding speed was relatively insensitive to the
concentration (45 — 900 nM) of myolc that was incubated with the antibody (Figure 2A,; see
Methods). Actin motility was intermittent and diffusive when 18 nM myolc was added to
the motility chamber (not shown). No actin surface attachment or motility was observed
with myolc on casein-blocked nitrocellulose in the absence of antibody.
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Increasing the mole fraction of anionic phospholipids in membranes that contain 2%
PtdIns(4,5)P, has been shown to increase affinity of the membrane for myolc [2, 3, 14].
Surprisingly, actin-gliding velocities were substantially slower when myolc was bound to
SLBs containing 2% PtdIns(4,5)P, and 20% DOPS, 4% PtdIns(4,5)P,, or 8% Ptdins(4,5)P»
(Figure 2B; Movie S2). Actin gliding in the presence of 90-900 nM myolc on SLBs
composed of 60% DOPS (without Ptdins(4,5)P,) was too slow and irregular to determine a
gliding speed, despite the high affinity of myolc for these membranes [2]. Decreasing the
myolc concentration to 1 nM in experiments with 4% PtdIns(4,5)P, SLBs resulted in a
slight increase in the gliding speed (Figure 2B), but this increase was partly the result of
rapid diffusive movements of the actin filaments due to membrane detachment. Further
decreasing the myolc concentrations resulted in complete detachment of actin from the
SLBs. These results, taken together with the concentration-independent rate of antibody-
bound myolc (Figure 2A), suggest that the decreased gliding rate was not a result of
increased myosin density on the surface, but was due to an effect of the increased membrane
charge on the attachment of myolc to SLBs (see below)

D-myo-inositol-1,4,5-triphosphate (Ins(1,4,5)P3), the soluble head group of PtdIns(4,5)Ps,
has been shown to bind tightly to the tail domain of myolc and competitively inhibits the
interaction between myoZlc and PtdIns(4,5)P, [2]. Actin motility and the attachment of
filaments to SLBs was disrupted by the addition of 50 pM Ins(1,4,5)P5 to the motility
chamber. Additionally, we found that myolc was able to power acting gliding (20 £ 1.4 nm/
s) when it was bound to Ins(1,4,5)P3 that was surface-attached to biotin-neutravidin via a 3-
carbon linker (Movie S1). Thus, the dynamic attachment of myolc to the inositol head
group of PtdIns(4,5)P, is sufficient to anchor myolc at the surface to power actin motility.

Strikingly, myolc-powered gliding of actin filaments on SLBs containing 2% PtdIns(4,5)P,
occurred along curved paths in a counterclockwise fashion (turning left) when viewed from
the objective lens side of the coverslip at both 22 °C and 37 °C (Figure 1B & 3A, Movie
S1). We quantified the counterclockwise bias as an angular change, A, in the actin
filament, normalized to the distance traveled, As (<A6>/<As>; Figure 3B). We defined the
angular change as positive in the counterclockwise direction and negative in the clockwise
direction. The distance-normalized angular changes for motility on SLBs composed of either
2% PtdlIns(4,5)P, or 2% PtdIns(4,5)P, and 20% DOPS were similar, 10 + 0.73 and 13 £
0.96 deg/um respectively, despite the 2-fold difference in gliding velocities (Figure 2B).
Myolc anchored to nitrocellulose via an antibody supported actin gliding but not with the
pronounced counterclockwise bias (2.1 + 0.81 deg/um) observed on SLBs (Table S2).
Myolc bound to biotinylated Ins(1,4,5)P3 had a bias of 4.6 + 0.84 deg/um, which is less
than that of myolc bound to Ptdins(4,5)P,-containing SLBs (Figure 3B).

In experiments performed with SLBs, myolc dynamically attaches to and detaches from the
fluid substrate. In contrast, experiments performed on a solid surface have myolc anchored
via an antibody. To test whether a fluid substrate without a dynamic interaction is sufficient
for asymmetric motility, we attached a myolc construct that contains the motor domain, the
lever arm, and a biotinylated AviTag sequence at it C-terminus (myo1c3!Q) to SLBs
containing 2% Biotin-PE via neutravidin. Actin gliding was too slow to quantify at 22 °C,
but raising the temperature to 37 °C restored actin gliding, and asymmetric motility was
observed to the same extent observed for full length myolc on SLBs containing 2%
PtdIns(4,5)P, (Figure 3A & B). In the absence of neutravidin or myo1c3/Q, actin filaments
did not attach to the bilayer.

To determine if other myosin-1 family members can generate asymmetric motility, we
performed actin gliding assays with full length myola, which has been shown to interact
with anionic phospholipids, including PtdIns(4,5)P, [5, 16], but has not been shown to be
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able to support motility on SLBs [9]. We found that myola powered actin gliding on 2%
PtdIns(4,5)P, SLBs with a velocity of 5.7 £ 0.88 nm/s at 22 °C, but the actin filaments had
no significant counterclockwise bias (Figure 3A & B; Movie S1). Additionally, we anchored
a construct of myosin-1b that contains the motor domain, lever arm (4-1Q motifs), and a
biotinylated AviTag sequence at its C-terminus (myo1b®) to SLBs containing 2% Biotinyl-
PE via neutravidin [17, 18]. Actin motility at 37 °C had no counterclockwise bias, but
exhibited a gliding speed (77 nm/s) similar to that measured previously on a solid substrate
[17].

Discussion

Our results show that myolc can power actin motility when bound to fluid lipid bilayers
containing phosphoinositides with speeds similar to those found in assays where the myosin
is tightly affixed to a non-fluid surface (Figure 2A). Actin gliding velocities were affected
by the composition of the SLB. Gliding rates were lower on SLBs with high PtdIns(4,5)P,
content or when DOPS was added to membranes (Figure 2B). Previous binding
measurements have shown that the affinity of myolc for membranes increases with the mole
fraction of PtdIns(4,5)P, or DOPS [2], so these results indicate that actin gliding velocities
decrease with increasing membrane affinity. It has been proposed that 1Q motifs in the
regulatory domains of myolc [3] and myola [19] interact with membranes that have high
mole fractions of DOPS. Interestingly, a 20 A resolution EM structure of myola bound to
membranes composed of 75% DOPS appears to show membrane association of the 1Q motif
that is distal to the motor domain [20]. Since the 1Q motifs make up the force-transducing
lever arm of myosin, this interaction could disrupt the working stroke, leading to slow and
irregular motility. Taken together, these findings may explain why a previous study of
vertebrate myola was not able to demonstrate motility on SLBs containing 40% DOPS [9].
We do note that one study demonstrated myola-supported actin gliding in the presence of
anionic phospholipids [21], but it is not clear if these experiments were performed on fluid
and continuous SLBs [9].

How does myosin bound to a fluid bilayer support actin gliding? Although lipid bilayers are
considered fluid, both experimental measurements and simulation studies have shown that
lipid bilayers are fluids of high viscosity [22]. The viscosity coefficients are in the range of
100-2000 times the viscosity coefficient of water, and subsequently the frictional load in
lipid bilayers is expected to be much higher than in water. Indeed, 30 — 100 nm diameter
gold nanoparticles (which are similar in size to myosin-I) attached to the head groups of
single lipids have negligible effect on the diffusion of the lipid molecules in the bilayer [23].
It is therefore not surprising that myolc molecules will experience viscous load on the tail
domain during the working stroke, resulting in the displacement of the actin filament
relative to the membrane. Additionally, it is likely that myolc is able to interact with
multiple anionic phospholipids [14], which may further decrease diffusion within the plane
of the membrane and increase the membrane viscous load.

Our most striking result is the finding that myolc drives asymmetric motility on lipid
membranes, with actin filaments moving in a counterclockwise direction when viewed from
the opposite side of the membrane. This asymmetric motility requires only the myolc motor
and regulatory domains, suggesting that the asymmetry is a property of the working stroke
and not the attachment of the tail domain to the membrane. The normalized angular change
(~ 10 deg/um; Figure 3B & Table S2) is the same, within error, for different SLB
compositions, different temperatures, and different myoZlc constructs. This angular change
could be produced if the power stroke has a counterclockwise rotational component or if the
power stroke is not directly aligned with the axis of the actin filament. For example, myolc
at the leading edge of the actin filament could force the tip of the actin to have a leftward
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bias in its search for the next membrane-bound motor. The force required to bend an actin
filament by 10 deg/um (Table S2) is small and can be estimated by applying the equation for
a cantilevered beam to the curved filaments [24]. Assuming that the flexural rigidity of actin
filaments is 7.3-10726 N-m?2 [25], and that the freely diffusing end of the filament is on the
order of 100 nm in length, then the force required to bend this segment is predicted to be
only 0.12 pN. Interestingly, the ability to produce asymmetric motility is not a universal
characteristic of myosin-1 motors, since neither myola nor myolb generated significant
asymmetric motility on SLBs (Figure 3A & B); however, class-2 myosins are predicted to
have non-axial components to their working strokes [26, 27].

While myolc powers asymmetric motility on a variety of substrates (Figure 3A & B), a fluid
substrate significantly enhances the asymmetry. The translational and rotational degrees of
freedom of myolc bound to the SLBs may allow myolc to orient itself to interact with actin
in a conformation favorable for revealing the asymmetric working stroke. On a solid
substrate, the conformation and/or orientation of myolc relative to the long axis of actin
may be restricted, and the directional bias of the power stroke may be suppressed. Increasing
rotational and translational flexibility may also explain the slight increase in
counterclockwise bias observed when myolc is bound to biotinylated Ins(1,4,5)P3, which is
connected to surface-bound neutravidin via a 3-carbon linker rather than a surface-
immobilized antibody.

Asymmetric motility powered by myolc could play functional roles /n vivo. In addition to
the sliding of the actin filaments, membrane-bound myolc could contribute a second degree
of directionality relative to the membrane by applying torque to actin filaments. Several
studies have shown that myosin-I family members, including a homolog of myolc, are
necessary for establishment of left-right asymmetry in invertebrate embryonic development
[28, 29]. Interestingly, it has been hypothesized that cytoskeletal motors could be “F
molecules” [30], which are chiral molecules that align along the anteroposterior and
dorsoventral axes and convert their handedness or asymmetry into chemical or signaling
differences between symmetry planes [31]. Thus, more detailed investigations of the role of
myosin isoforms in symmetry breaking /n vivo are warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Actin filament gliding powered by SL B-bound myosin-I

(A) Schematic representation of actin-filament (grey) gliding powered by myosin-1 (green)
on supported lipid bilayers containing PtdIns(4,5)P, (red). The lipid bilayer is spread on a
glass coverslip. The double arrows indicate the dynamic interaction of myosin | with the
lipid bilayer. For clarity, the representation is not drawn to scale. (B) Maximum projection
from a 10 min time series of actin motility powered by myolc at 22 °C. (C) Maximum
projection from a 20 min time series of actin motility powered by myola at 22 °C. In both
(B) and (C) the whole track of actin filaments is colored in green, while the actin filament at
t = 0 sis colored in orange. Scale bar 5 pm.
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Figure 2. Actin gliding speeds as a function of myolc concentration and motility substrate

(A) Myolc-concentration dependence of the average actin-gliding speed when bound to (@)
SLBs composed of 2% PtdIns(4,5)P, or a (l) monoclonal antibody adsorbed to coverslips
coated with nitrocellulose. (B) Myolc-concentration dependence of actin-gliding when
myolc is bound to (@) 2% PtdIns(4,5)P,, (A) 2% PtdIns(4,5)P, and 20 % DOPS, (4) 4%
PtdIns(4,5)P,, or (H) 8% PtdIns(4,5)P,. Experiments were performed at 22 °C in KMg25.

Error bars represent the standard deviation.
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Figure 3. SLB-bound myolc power s asymmetric motility of actin filaments

(A) Fraction of actin filaments that turn (red) clockwise and (blue) counterclockwise as a
function of motility substrate and myosin-1 construct or isoform. Errors were calculated by
the bootstrap method (n = 100) [34] (B) Quantification of actin filament turning for the
conditions listed above. Error bars are the standard errors of the mean (details in Table S2).
Experiments were performed at 22 °C in KMg25, unless indicated otherwise.
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