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Summary

Myosin A (MYO3A) targets actin protrusion tips using a motility mechanism dependent on
both motor and tail actin-binding activity [1]. We show that myosin 1B (MYO3B) lacks tail
actin-binding activity and is unable to target COS7 cell filopodia tips, yet is somehow able to
target stereocilia tips. Strikingly, when MYO3B is coexpressed with espin-1 (ESPN1), a MYO3A
cargo protein endogenously expressed in stereocilia [2], MYO3B targets and carries ESPN1 to
COST7 filopodia tips. We show that this tip-localization is lost when we remove the ESPN1 C-
terminus actin-binding site. We also demonstrate that, like MYO3A [2], MYO3B can elongate
filopodia by transporting ESPN1 to the polymerizing end of actin filaments. The mutual
dependence of MYO3B and ESPN1 for tip-localization reveals a novel mechanism for the cell to
regulate myosin tip-localization via a reciprocal relationship with cargo that directly participates in
actin binding for motility. Our results are consistent with a novel form of motility for class 111
myosins that requires both motor and tail domain actin-binding activity, and show that the actin-
binding tail can be replaced by actin-binding cargo. This study also provides a framework to better
understand the late-onset hearing loss phenotype in patients with MYO3A mutations.

Results

It has been speculated that the motor protein myosin-111A (MYO3A) translocates along actin
filaments towards actin protrusion tips as a monomer, using an inchworm-like mode of
motility that depends on a highly conserved actin-binding site (THDII) in its C-terminus tail
[1]. It is unknown whether the myosin-111B (MY O3B) tail, which lacks the THDII [3], is
capable of binding to actin or whether MY O3B can target the tips of actin protrusions.
Consistent with earlier studies [1, 2, 4] we found that GFP-MYO3A localizes to and
accumulates at the tips of COS7 cell filopodia (Figure 1A). In contrast, GFP-MY O3B,
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which lacks the putative second actin-binding domain (THDII, [3]), failed to localize to
filopodia tips (Figure 1A). As predicted by the inchworm hypothesis that depends on the
actin-binding activity of the THDII [1], MYO3A lacking the THDII (GFP-
MYO3AATHDII) also failed to localize to filopodia tips (Figure 1A). However, when we
fused a THDII from MY O3A onto the C-terminus of MYO3B (cherry-MYO3B:THDII), the
hybrid protein localized to the tips of filopodia (Figure 1A).

To confirm that the THDII interacts with actin in cells, we transfected COS7 cells with GFP
tagged MY O3A tail constructs containing the THDII, and we found that the GFP
fluorescence colocalized with actin (Figure 1B). When using a construct containing a point
mutation in the THDII (R1599A) known to disrupt its actin binding activity [1], the GFP
fluorescence was diffuse with no colocalization with actin (Figure 1B). We used pyrene
actin quenching assays to directly examine binding of purified GST-THDII to actin (Figure
1C), thereby allowing us to determine the affinity with which the THDII binds actin. We
found in both fluorescence titration and stopped-flow experiments, in which the association
and dissociation rate constants were determined (Figure 1D), that the binding affinity was
close to one micromolar (Kq = 1.2 + 0.2 uM). The stopped-flow association transients
followed a bi-exponential. The slow rate was likely due to some actin bundling activity,
which was also seen in light scatter measurements (Figure S1) using peptides derived from
the THDII sequence (MYO3A amino acids 1587-1615). In contrast, a peptide from the C-
terminal region of MYO3B (amino acids 1293-1310) did not bind actin (Figure S1).

In order to verify MYO3B expression and to compare localizations of MYO3B to ESPN1
and MYO3A in mouse inner ear hair cells, we used affinity purified antibodies specific to
these proteins (Figure S2A-B). We found that MY O3B localizes at vestibular (Figure 2A)
and cochlear (Figure S2C) hair cell stereocilia tips, similar to the localization of ESPN1 and
MY O3A, both of which localize to the tips of stereocilia in a tip-to-base gradient [2, 4].
However, MYO3B labeling in the cochlear hair cells diminished rapidly from postnatal days
0 to 8, while in vestibular hair cells labeling persisted (Figures S2D and 2A, respectively).
We also transfected organ of Corti and vestibular hair cells with GFP-tagged MYO3B to
corroborate the immunolocalization results, and to test whether, like MYO3A, the MYO3B
pattern of distribution at the tips of stereocilia is consistent with a dynamic mode of tip-
directed transport [5]. Within 18 hours of transfection GFP-MY O3B localized in a tip-to-
base gradient distribution similar to MYO3A (Figure 2A). To test whether the tail domain of
MY QO3B is required for the stereocilia tip localization we transfected hair cells with a GFP-
MY O3B construct lacking the tail domain (GFP-MYO3BATail). Hair cells transfected with
GFP-MYO3BATail showed diffuse fluorescence in the cell body with no apparent
enrichment of fluorescence at stereocilia tips (Figure 2A, neeps = 17 hair cells),
demonstrating that the MY O3B tail is necessary for tip-localization.

The colocalization of MYO3B and ESPN1, and the fact that the MY O3B tail contains the
same THDI that mediates interactions between MYO3A and ESPN1 [2], suggests that a
similar interaction could occur between MYO3B and ESPN1. When we coexpressed
MYO3B and ESPN1 in COS7 cells, the two proteins colocalized to filopodia and actin
bundles (Figure S3A). In order to test whether, like MYO3A, the MYO3B THDI interacts
with the ESPN1 ankyrin repeats domain (ARD), we cotransfected COS7 cells with ESPN1
and GFP-tagged constructs encoding either the MYO3B THDI (GFP-MYO3BTHD!) or its
immediate flanking regions (GFP-MYO3BP'eTHD! or GFP-MYQ3BPOstTHDI Colocalization
was exclusively observed for GFP-MYO3B THP! with ESPN1 (Figure S3A). The interaction
between the MYO3B THDI and ESPN1 ARD was further confirmed by GST pull-downs in
which the GFP-MYO3B fusion protein co-precipitated with a GST-fused ESPN1 ARD
(Figure S3B). The MYO3BTHDI:ESPN1 ARD interaction was also verified in which the
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GST-ESPN1 ARD binds to GFP-MYO3BTHD! byt not to the pre-THDI or post-THDI
regions (Figure S3B).

To explain how MYO3B localizes to stereocilia tips we hypothesized that MY O3B
compensates for the lack of a THDII by binding to ESPN1, which has a C-terminus actin-
binding module (ABM) and is endogenously expressed in hair cells. To test this hypothesis,
we cotransfected COS7 cells with MYO3B and ESPN1. In these cotransfected cells, we
found that MY O3B colocalized with ESPNL1 at filopodia tips (Figure 2B), in a tip-to-base
gradient consistent with tip-directed motor-based motility [5]. In order to determine whether
the MYO3B:ESPNL1 interaction imparts tip-directed motility to MYO3B via the ESPN1
ABM, we generated an ESPN1 construct lacking the ABM (ESPN1AABM). When COS7
cells were cotransfected with GFP-MY O3B and ESPN1AABM, the two proteins localized
diffusely in the cytoplasm and failed to elongate filopodia or target their tips (Figure 2B). In
contrast, GFP-MYO3A was still able to transport ESPN1AABM to filopodia tips (Figure
2B). In order to determine whether the ESPN1-dependent tip-localization of MYO3B was a
secondary effect of ESPN1’s bundling activity, we cotransfected MYO3B and an ESPN1
construct (ESPN1AARD) lacking the N-terminus ankyrin repeats domain required for
binding the MYO3 THDI, and we found that MYO3B had a diffuse localization in the cell
body similar to when MYO3B was expressed alone or with ESPN1AABM (Figure 2B). The
lack of colocalization also indicates that MYO3B does not interact with the ESPN1 ABM.

MY O3A has been shown to boost the elongation of stereocilia and filopodia via the
transport of its cargo protein ESPN1 to the barbed ends of actin filaments, whereupon
ESPN1’s WH2 activity enhances actin polymerization in a concentration dependent fashion
[2, 5]. To examine whether MY O3B mimics MYO3A activity in stereocilia, we
overexpressed GFP-MYQO3B (n=13 hair cells) and GFP-MY O3B with the kinase domain
(GFP-MYO3BKiN n=6 hair cells) in rat vestibular hair cells. We found that hair cells
displayed a 66% increase in stereocilia elongation when transfected with GFP-MYO3B and
51% increase with GFP-MYO3BKIM (p<0.005) (Figure S2E), similar to what was found for
MYO3A [2].

The fact that, like MYO3A, MYO3B can localize to the tips of stereocilia and that MY O3B
requires ESPN1 for translocation, led us to further investigate how these proteins behave
when all three are coexpressed in a heterologous system. We found that when MYO3A,
MYO3B, and ESPN1 are coexpressed in COS7 cells, MYO3A invariably dominated
localization at the extreme tips of filopodia, while MY O3B trailed along the shafts of
filopodia, and inversely proportional amounts of the two myosins were found in the
overlapping regions near the tips of filopodia (Figure 3A). To compare the difference in tip-
localization efficiency for each myosin, we measured their tip-to-base gradient distributions
and found that MYO3A had an average half-length of L, = 0.049 £ 0.006 (see
Supplementary Methods), while the mean MYO3B half-length was Ly = 0.41 + 0.04
indicating a nearly ten-fold decrease in tip-localization efficiency for MYO3B compared to
MYO3A.

To determine if different velocities of intrafilopodial motility (IFM) for MYO3A and

MY QO3B could be observed, COS7 cells expressing ESPN1 and GFP-MYQ3A or MYO3B
were imaged using TIRF microscopy, similar to Kerber et al. [6]. The fact that both GFP-
MYO3A and GFP-MYO3B label along the length of ESPN1-labelled filopodia resulted in
moving features that were less punctate than those observed for MYO10 [6]. GFP-MYO3A
tip-directed IFM velocities (64 £ 10 nm/s, n = 15 moving features) were approximately 1.7-
fold faster than tip-directed GFP-MYO3B IFM (38 + 4 nm/s, n = 13 moving features, t-test,
p <0.03) (Figure 3B).
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Similar to what has been shown for MYO3A [2], we found that COS7 cells cotransfected
with GFP-MYO3B and ESPN1 displayed enhanced elongation of filopodia, in which the
mean filopodia length was twice as long (6.7 £0.22 um; Figure 3C) as those transfected with
GFP-ESPNL1 alone (2.9 £0.11 pm; ng = 19, ns = 162, p<0.001). However, MY O3B did not
increase filopodia lengths as much as MYO3A (13.0 + 1.1 um, p<0.001; Figure 3D).

MY O3A elongation of ESPN1 filopodia depends on the ESPN1 WH2 domain, as shown in a
previous study using an ESPN1 construct (ESPN1ImWH2) in which the WH2 domain was
mutated by substituting two conserved Leu residues (L655A, L656A) essential for WH2
actin-monomer-binding activity [2, 7, 8]. The MYO3A:ESPN1ImMWH2 co-expression
phenotype displays filopodia tip-localization of both MYO3A and ESPN1, but no filopodia
elongation. To better understand the similarity between the MYO3A and MYO3B transport
function of ESPN1, we tested whether GFP-MYO3B can target filopodia tips with
ESPN1mWH2 and mimic the MYO3A:ESPN1ImWH2 co-expression phenotype. We found
that GFP-MYO3B was able to colocalize with ESPN1ImWH2 at filopodia tips, yet it did not
enhance filopodia elongation (2.7 £ 0.15 um; Figure 3E), very similar to the phenotype of
MYO3A:ESPNImMWH2 (2.7 £ 0.15 um; Figure 3F). Since MYO3B tip-localization and
synergistic elongation of actin protrusions depends on the ESPN1 ABM, we asked whether
it is also required for MYO3A function. Although co-transfection of GFP-MYO3A with
ESPN1AABM showed filopodia tip targeting and produced filopodia (Figure 2B), these
filopodia were significantly shorter (2.5 £ 0.17 um, n; = 12, ns = 80) than those from cells
co-transfected with MYO3A and full-length ESPN1 (13.0 + 1.1 um, n; = 13, ng =73,
p<0.001), demonstrating that while ESPN1 WH2 activity is necessary for filopodia
elongation [2], it is not sufficient.

We hypothesized that this difference in tip-localization efficiency and filopodia elongation
activity might correlate with the motor activity of each myosin. Using an NADH-coupled
ATPase assay [9-11] with an expressed MY O3B construct containing the kinase, motor, and
two 1Q domains (MY O3B 21Q), we found that the maximum actin-activated ATPase rate
(kear) Was 0.30 + 0.07s™1 (Figure 3G), which corresponded to about half that of MYO3A
21Q [9-11]. In addition, we observed two phases in our ATP-induced dissociation
experiments in the presence of ADP - the slow phase with acto-MYO3B 21Q was similar to
Kcar (Figure 3H) indicating that the ADP release or detachment is rate-limiting, as was found
with MYO3A 21Q [3]. In myosins that are rate limited by ADP release or detachment, the in
vitro motility rates have been found to correlate well with maximal ATPase activity [12-14].
The actin concentration at which the ATPase rate is one-half maximal (KaTpase = 34
20uM), which is a relative measure of actin affinity, was found to be slightly larger in
MYO3B 21Q than MYO3A 21Q. Radiolabeled (32-P) ATP assays indicated that MY O3B
21Q had kinase activity (Figure 3G - inset), as was found in earlier MYO3A 21Q studies [9,
11]. We have previously demonstrated that fully phosphorylated MYO3A 21Q has reduced
motor ATPase activity [9]. However, our MYO3B 2IQ kinase activity measurements
suggest that the relatively slower motor ATPase activity for MYO3B compared to MYO3A
is not a result of phosphorylation-mediated downregulation of MYQO3B 21Q.

Discussion

MY O3A has been presumed to be a single-headed monomeric motor protein with barbed-
end directed motility that relies on its THDII-dependent actin-binding activity [1]. Although
direct measurements of single molecule MYO3A motility have yet to be performed, our data
are consistent with a model of “inchworm” based movement along actin bundles. The
relatively high affinity (Kagctin = 7uM) of the MYO3A motor for actin in the presence of
ATP [11] combined with THDII actin binding may prevent dissociation of MYO3A even in
the weak actin binding states. In addition, the MYO3A motor rapidly transitions into the

Curr Biol. Author manuscript; available in PMC 2013 February 21.



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

1duasnuey Joyiny vd-HIN

Merritt et al.

Page 5

actomyosin-ADP state [11], which may prevent dissociation even though the THDII rapidly
cycles on and off (koff ~ 50 sec™1) actin. Therefore, the rapid on-off rates of THDII may
facilitate movement along actin without interfering with motor stepping. In contrast,

MY O3B does not contain the THDII. However, we show that the absence of an actin-
binding domain in the C-terminus of MYO3B can be compensated for by the ESPN1
cargo’s actin-binding activity, or by adding the actin-binding THDII to its tail. Thus, ESPN1
cargo could serve as an actin-binding replacement or “crutch” (Figure 4). It will be
interesting to compare the actin-binding properties of the THDII and the ESPN1 ABM, as
well as to determine whether ESPN1 enhances MYO3A motility due to the additional actin-
binding activity of its ABM, perhaps analogously to what has been shown for the
microtubule-binding dynein:dynactin complex [15].

One mechanism by which myosins are activated by their cargo is the cargo-binding induced
dimerization effect, as has been reported for myosin VI [8, 16]. Another mechanism is the
cargo-binding dependent activation of an otherwise auto-inhibited folded state of the motor,
as has been shown to be the case for other molecular motors [17-20]. The fact that we did
not observe MY O3B localization to filopodia tips when we removed the C-terminus actin-
binding domain of ESPN1 (ESPN1AABM) is consistent the model in which the ESPN1
actin-binding activity via its C-terminus ABM provides a second actin-binding site that
cooperates with the MY O3B actin-binding motor domain for motility, similarly to the way
the MYO3A THDII coordinates with the MYO3A motor domain. However, we cannot rule
out the possibility that the full-length ESPN1 protein somehow activates MY O3B motility
via some other mechanism, e.g. cargo-mediated dimerization [8, 16] or relief of auto-
inhibition [17-20]. In any case, the dependence of MY O3B motility on the presence of
ESPN1 demonstrates that the cell can regulate the efficiency and selectivity of MYO3B
targeting to stereocilia via regulation of its cargo.

The ability of MY O3B to enhance elongation of ESPN1-induced filopodia in COS7 cells
mimics MYO3A:ESPN1 activity only partially, since MYO3BAK:ESPNL1 produced
filopodia only half the length of MYO3AAK:ESPNL1. Since MYO3A elongation has been
directly correlated with MYO3A ATPase rates [2], which should correlate well with motor
velocity in class 111 myosins, we propose that the less enhanced elongation activity of
MYO3B is a direct reflection of the ~50% slower ATPase rates and tip-directed motility for
MYO3B versus MYO3A.

MYO3A was first implicated in hearing loss via its association with late-onset non-
syndromic hearing loss (DFNB30) [21]. The persistence of proper vestibular function along
with the late-onset hearing loss phenotype in DFNB30 patients [21] as well as a mouse
model for DFNB30 [22] suggests that another protein (i.e. MYO3B) may be partially
compensating for MYO3A. Here we show that MY O3B is expressed in hair cell stereocilia
in the same spatial pattern of localization as MYO3A and its cargo ESPN1. The similar
localization of MYO3B, MYO3A and ESPNL1 in stereocilia suggests that MYO3B is similar
in function and activity to MYO3A. The fact that the THDI domains of both MYO3B and
MYO3A interact with ESPN1, and that both proteins exhibit ESPN1-dependent elongation
activity in filopodia strongly indicate some level of redundancy in the roles of these proteins
in hair cell stereocilia length regulation [23, 24] and function [25, 26].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The MYO3A THDII binds to actin filaments in vivo and in vitro

(A) GFP-MYO3A (upper left) targets the tips of filopodia, GFP-MYO3B (bottom left) and
GFP-MYO3AATHDII (upper right) fail to target filopodia tips, whereas a MY O3B hybrid
protein containing the THDII (cherry-MYO3B:THDI|I, bottom right) successfully targets
filopodia tips. Scale bar: 2 um. Due to the significant attenuation of class 111 myosin activity
by a kinase domain at its N-terminus [1, 2, 4, 9, 10], all of the class 111 myosin constructs
used in our experiments lacked the kinase domain unless otherwise indicated. The cartoon
diagrams show the corresponding constructs for each transfection (black box: motor domain,
red crescent: 1Q domains), emphasizing the lack of an N-terminus kinase domain, and also
that MYO3A has three 1Q domains while MYO3B only has two. (B) A GFP-tagged
construct (green) containing the MYO3A THDI and THDII domains colocalizes with actin
(red) in transfected COS7 cells (left). A construct with the R1599A point mutation in the
THDII (THDII*) fails to colocalize with actin (middle), while a construct containing only
the THDII colocalizes with actin (right). Scale bar: 2 um. (C) Equilibrium binding
experiments monitoring pyrene actin (0.2 pM) quenching were used to examine
GST-3THDII (varying concentrations indicated on x-axis) binding to actin (Kq=1.2 + 0.2).
A GST-3THDII construct with the R1599A point mutation failed to bind to actin, consistent
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with the colocalization experiments in (B). Error bars represent the standard deviation from
three separate experiments. (D) Pyrene quenching (5-10 fold excess over GST-THDII
concentrations) was followed in the stopped flow to measure the rate of association (46.6 £
2.0 uMesec™1). The rate of dissociation was measured by mixing a GST-THDII:pyrene actin
complex with 20-fold excess unlabeled actin (54.8 + 6.4 sec™1). The association and
dissociation rates allowed determination of the overall affinity (K4 = 1.2 + 0.2 uM) which
was similar to that measured by titration in (c). The association transients followed a bi-
exponential and the slow rate was likely due to some actin bundling activity (see also Figure
S1). Error bars represent the standard error of the fits.
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Figure 2. MYO3B localizes to actin protrusion tips in an ESPN1 dependent fashion

(A) MYO03B immunolabeling (left) and transfections (middle) shows localization at the tips
of vestibular hair cell stereocilia (actin is shown in red) in a tip-to-base gradient (see also
Figure S2), with higher amounts in longer stereocilia. In contrast, a construct lacking the C-
terminus tail of MYO3B, GFP-MYO3BATail, does not target stereocilia tips (right). Scale
bar: 5 um. (B) When co-expressed with ESPN1, GFP-MYO3B targets filopodia (actin is
shown in blue) tips (upper left). When GFP-MYO3B is co-expressed with an ESPN1
construct lacking the C-terminus actin-binding site (ESPN1AABM), MYO3B fails to target
filopodia tips (upper right). GFP-MYO3A targets ESPN1IAABM to filopodia tips (bottom
left). MY O3B fails to target filopodia tips when coexpressed with ESPN1AARD (bottom
right). Scale bar: 2 um.
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Figure 3. MYOB3A outperforms MYO3B in filopodia and in vitro

(A) Filopodia from COS7 cells co-expressing GFP-MYQO3A and cherry-MYO3B
consistently display GFP-MYO3A accumulated at their extreme tips, while cherry-MYO3B
consistently trails behind MYO3A with a relatively longer tip-to-base decay length (left
column, and see also Figure S4). (B) Kymograph analysis of live-cell TIRF time-lapse
movies from COS7 cells expressing GFP-MYO3A and ESPN1 (n=15 features) or GFP-
MYO3B and ESPN1 (n=13 features) reveal GFP-MY O3A features moving approximately
1.7-fold faster than GFP-MYO3B features. Whiskers represent 90™ percentile and 10t
percentile. The box represents the 75 and 25 percentile, and the bar across the box
indicates the median. The black square indicates the mean. *Mean significantly different
from GFP-MYO3A via t-test, p<0.03. (C) GFP-MYO3B targets and elongates filopodia tips
(Ncens=12, Nfjlopodia=91) when co-expressed with ESPN1. (D) GFP-MYO3A targets and
elongates filopodia tips when coexpressed with ESPN1 (n. = 13, ng = 73). (E) GFP-MYO3B
targets, but does not elongate, filopodia tips when co-expressed with ESPNIMWH2 (n. =
15, n¢ = 61). (F) GFP-MYO3A targets filopodia tips, but fails to elongate them when co-
expressed with ESPNIMWH2 (n; = 22, ns =147). Scale bar: 1 um. (inset) Average filopodia
length for non-transfected (NT) cells and for each transfection condition displayed in (C-F).
Error bars represent the standard error of the mean. (G) The ATPase activity was measured
with the NADH-coupled assay and the maximum ATPase activity (Ket) and actin
concentration at which the ATPase activity is one-half maximal (KATPase) was determined
by fitting the data to the Michealis-Menton equation. The inset demonstrates the kinase
activity of MYO3B 21Q measured by incorporation of 32P at the indicated time points
following the addition of 32P-ATP. (H) The rate ATP-induced dissociation of acto-MYO3B
21Q and acto-MYO3B 21Q in the presence of ADP was measured by monitoring light scatter
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in the stopped-flow. A complex of acto-MYO3B 21Q (blue) or -MYO3A 2IQ (red) in the
presence of ADP was mixed with saturating ATP (final concentrations: 0.6 pM actin, 0.5
uM MYO3A or MYO3B 2IQ, 10 uM ADP, and 2.5 mM ATP) and the decrease in light
scatter was monitored at 420 nm. The light scatter transients were best fit to a two
exponential function and the fast and slow phases of the fits are shown in the table inset.
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Figure 4. Cartoon of the cargo-assisted motility model of MYO3B -ESPN1 complexes
MYO3A (top) uses coordination between the motor head activity (regulated by the kinase
domain, brown) and the tail THDII actin-binding site in its C-terminus (red) to translocate
along actin filaments (gray). In contrast, MYO3B (bottom), which lacks the THDII but is
otherwise very similar to MYO3A, binds to the ESPN1 ARD via its THDI, allowing it to
use the C-terminus ABM of ESPNL1 as a substitute for its missing THDII to translocate

along actin filaments towards the protrusion tip.
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