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Myosin-Va (Myo5a) is amotor protein associated with synap-
tic vesicles (SVs) but themechanismbywhich it interacts hasnot
yet been identified. A potential class of binding partners are Rab
GTPases and Rab3A is known to associate with SVs and is
involved in SV trafficking.We performed experiments to deter-
mine whether Rab3A interacts with Myo5a and whether it is
required for transport of neuronal vesicles. In vitro motility
assays performed with axoplasm from the squid giant axon
showed a requirement for a Rab GTPase in Myo5a-dependent
vesicle transport. Furthermore, mouse recombinant Myo5a tail
revealed that it associatedwithRab3A in rat brain synaptosomal
preparations in vitro and the association was confirmed by
immunofluorescence imaging of primary neurons isolated from
the frontal cortex of mouse brains. Synaptosomal Rab3A was
retained on recombinant GST-tagged Myo5a tail affinity col-
umns in a GTP-dependent manner. Finally, the direct interac-
tion of Myo5a and Rab3A was determined by sedimentation
velocity analytical ultracentrifugation using recombinant
mouseMyo5a tail and human Rab3A.When both proteins were
incubated in the presence of 1 mM GTP�S, Myo5a tail and
Rab3A formed a complex and a direct interaction was observed.
Further analysis revealed thatGTP-boundRab3A interacts with
both the monomeric and dimeric species of the Myo5a tail.
However, the interaction between Myo5a tail and nucleotide-
free Rab3A did not occur. Thus, our results show that Myo5a
and Rab3A are direct binding partners and interact on SVs and
that theMyo5a/Rab3A complex is involved in transport of neu-
ronal vesicles.

In presynaptic nerve terminals, neurotransmitter molecules
are stored in synaptic vesicles (SVs)2 and are released by the
fusion of these vesicles with the plasma membrane. This pro-
cess and the positioning of SVs at the plasma membrane is
regulated by SV-associated proteins, including synapsins, syn-

aptotagmin, synaptobrevin, synaptophysin, calmodulin-depen-
dent kinase II (CaMKII), SV2, and the GTPase Rab3A (1). The
mechanism by which actin-dependent motors deliver SVs to
the plasma membrane for fusion and the proteins involved are
not understood. In this study, we investigated the interaction
between Myo5a and Rab3A, two known proteins on SVs.
Rab3A belongs to the Ras superfamily of small monomeric

GTPases that is implicated in vesicle fusion and regulated
secretion, particularly in neurotransmitter release (2). Mam-
mals have four members of the Rab3 family: Rab3A, Rab3B,
Rab3C, and Rab3D, which are predominantly expressed in the
brain and neuroendocrine tissues (3). Rab3A is localized to SVs
in the active or GTP-bound form and dissociates from the ves-
icle upon GTP hydrolysis or depolarization of the nerve termi-
nal. The inactive or GDP-bound form of Rab3A binds to Rab
GDP dissociation inhibitor (RabGDI). When GDP-GTP ex-
change occurs Rab3A is able to associate with SVs again (4).
GTP-bound Rab3A interacts with multiple specific effector
proteins, notably Rabphilin3A (5), RIM (6), Rabin3A (7), and
synapsin 1 (8). In addition to Rab3A, only Rabphilin3A and
synapsin 1 are known to be localized to SVs.
Myosin-Va (Myo5a) is an actin-based molecular motor that

is involved in many cellular processes. As with all myosins, the
head domain binds to F-actin and hydrolyzes ATP, whereas the
tail domain functions in cargo transport and binds to cargo-
specific adaptor proteins or associate with lipidmembranes (9).
In vitro, the globular tail domain of Myo5 can also stabilize the
folded and inhibited conformation of Myo5 through interac-
tion with the motor domain (10). Myo5a is highly expressed in
neurons (11–12) and has multiple functions that suggest its
involvement in synaptic plasticity. Myo5a has been detected in
dendrites of Purkinje cells (13–14), presynaptic terminals of
photoreceptor cells (15), intact synaptosomes from rat cerebral
cortex (16), and is enriched at the postsynaptic density of excit-
atory synapses (17). Myo5a is responsible for the transport of a
variety of organelles in axon terminals and dendritic spines,
such as SVs (18–19) andER-derived vesicles (20). It also is likely
to be associated with mitochondria (21–22) and secretory ves-
icles (23–25). Inhibition of Myo5a activity causes changes in
transport of axonal vesicles along actin filaments (26–27).
Rab GTPases have been identified in some cases as link

betweenMyo5 and organelle transport. Inmelanocytes,Myo5a
is recruited tomelanosomes by Rab27a (28–29) and its effector
melanophilin (30). Previously, direct interactions have been
identified between Rab11a and Rab8a and the tails of Myo5a
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and Myo5b (31–33), as well as between Rab8a and Myo5c tail
(12). Most recently, Rab10 has been shown to associate with
vertebrate class 5 myosins (34). Prime candidates for such
receptors have been identified for neuronal transport, but a
Rab GTPase responsible for Myo5a recruitment to SVs has
not been determined yet, although Rab3A has been identi-
fied on SVs (3, 35).
Here, we show that the globular tail domain of Myo5a binds

to the brain-specific GTPase Rab3A. Based on in vitromotility
assays using axoplasm from the squid giant axon, we found that
RabGDI inhibited Myo5a-based vesicle transport in neurons.
Affinity column chromatography revealed that Rab3A in rat
brain synaptosomal preparations binds to Myo5a tail domain.
Immunofluorescence analysis confirmed our biochemical find-
ings in cultured frontal cortex neurons. In addition, sedimen-
tation velocity analytical ultracentrifugation experiments
showed a direct interaction between highly purifiedMyo5a and
GTP-bound Rab3A. Together, our data show that Rab3A and
Myo5a can interact directly via its tail domain on synaptic
membranes.

EXPERIMENTAL PROCEDURES

Antibodies—The following commercial primary antibodies
were used in this study: rabbit polyclonal anti-myosin5a (DIL2,
36), anti-Rab3A and anti-Rabphilin3A (both from StressGen),
anti-Rab4A and anti-Rab11 (both from Santa Cruz Biotechnol-
ogy), anti-GST (GE Healthcare), anti-synapsin 1 (Invitrogen),
and mouse monoclonal antibodies directed against Rab3A
(Synaptic Systems), PSD95 (ABR), actin (Sigma-Aldrich) and
kinesin (Chemicon). Secondary antibodies included anti-
mouse IgG and anti-rabbit IgG labeled with horse-radish per-
oxidase (both from Chemicon), and goat-anti-mouse IgG and
goat anti-rabbit IgG labeled with Alexa 488 or Alexa 594
(Molecular Probes).
Preparation of Squid Brain Clarified Extracts and In Vitro

Motility Assays—Squid (Loligo pealei) were obtained from the
Marine Biological Laboratory inWoods Hole, MA. Squid optic
lobes were dissected from live animals and either used fresh or
frozen in liquid nitrogen and stored at �80 °C.
A whole-cell extract from squid optic lobes was prepared as

described in Brown et al., (27). Briefly, optic lobes were homog-
enized in 1ml of TBS-I (50mMTris, pH8.0, 150mMNaCl, 5mM

Na2EDTA, pH 7.0) and centrifuged at 100,000� g for 10min at
4 °C. The supernatant was diluted 1:2 in TBST-I (TBS-I, 1%
Triton X-100) and centrifuged again at 100,000 � g for 10 min
at 4 °C. The Triton X-100 extracted supernatant is the clarified
extract and was used for affinity column chromatography.
In vitromotility assays from squid axoplasmwere performed

as previously described in Brown et al. (27). Squid giant axons
were dissected from freshly caught squid, placed in filtered sea-
water, and then finely dissected in Ca2�-free seawater. Imme-
diately following the extrusion of axoplasm, 20 �l of TAMD
buffer (25mMTris, 5mMATP, 5mMMgCl2, 2mMDTT, pH7.5)
supplemented with 1 �M rhodamine-phalloidin (Sigma-
Aldrich) was added to each slide. Vesicle movement was mon-
itored by video-enhanced contrast differential interference
contrast (VEC-DIC) microscopy, and the presence of actin fil-
aments was confirmed by fluorescence microscopy. For motil-

ity inhibition experiments, freshly dissected axons were cut in
half; one half was extruded onto a coverslip in TAMD buffer
containing GST-RabGDI at different concentrations and the
other half in TAMD buffer containing GST as a control.
The level of motile activity (number of vesiclesmoving/field/

minute) on actin filaments was determined by counting the
total number ofmoving vesicles on tracks invisible byVEC-DIC
microscopy. For each preparation, three random fields (22� 25
�m) at a distance of 20–60 �m from the bulk axoplasm were
selected for analysis. The number of vesicles moving in each
field during a period of 3 min was counted and averaged for the
three fields. A vesicle was counted each time it showed contin-
uous directed movement on an actin track. If a vesicle stopped
and then resumed directed movement in the same or another
direction during the observation period, it was counted as a new
vesicle.
Isolation of Synaptosomes—Rat brains (Sprague-Dawley rats,

7–8-week-old) from Pel-Freez Biologicals and C57BL/6J
Myo5ad-l20J/d-l20J (null mutant)mouse brains fromMcLaughlin
Research Institute Animal Resource Center were obtained fro-
zen and stored at �20 °C until use.
According to the protocols fromCarlin et al., (37) and Jordan

et al., (38), synaptosomal fractions containing pre- and postsyn-
aptic elements were isolated from adult rat brains and null
mutant mouse brains. Briefly, brains were homogenized with a
motorized Teflon-glass homogenizer (10 strokes) using 10 g
brains/40 ml solution A (0.32 M sucrose, 1 mM NaHCO3, 1 mM

MgCl2, 0.5 mM CaCl2, and 0.2 mg/ml CompleteTM protease
inhibitor mixture (Roche Applied Science) and diluted homo-
genates were then centrifuged at 1400 � g for 10 min. The
supernatant solution (S1) was saved, and the pellet was resus-
pended in solution A and subjected to centrifugation (710 � g
for 10 min). The resulting supernates (S2) were pooled and
subjected to a second centrifugation (710 � g for 10 min).
Supernates (S3) were spun again at 30,000 � g for 20 min to
obtain a crude fraction and the pellet (P4) was resuspended in
solution B (0.32 M sucrose, 1 mM NaHCO3). This homogenate
was layered on top of a three-step sucrose gradient (0.85 M,
1.0 M, 1.2 M) and centrifuged at 82,500 � g for 2 h. The crude
synaptosomal fraction was collected at the 1.0 M-1.2 M sucrose
interface, resuspended in 4 volumes of solution B and centri-
fuged at 48,200 � g for 20 min. The supernatant (S5) was dis-
carded, and the resulting pellet was resuspended in TBS-I. Ali-
quots were frozen in liquid nitrogen and stored at �80 °C. All
steps during the preparation were carried out on ice or at 4 °C.
Affinity Column Chromatography—GST-Myo5a tail affinity

column chromatography was performed as described in Brown
et al., (27). Briefly, purified GST-Myo5a tail bacterial lysate was
loaded onto a GSTrap column and washed with PBS. Synapto-
somal fractions prepared from rat and null Myo5a mutant
mouse brains were treated with 0.2 mg/ml complete protease
inhibitor mixture and 1% Triton X-100, filtered through a
syringe filter unit (Millipore) and applied to the GST-Myo5a
tail affinity column. The GSTrap column (GE Healthcare) was
washed again with TBS-I and bound proteins were eluted with
50 mM Tris, pH 8.0, and 10 mM glutathione. Fractions were
collected and analyzed by SDS-PAGE and Western blots. For
GST-RabGDI affinity isolations, a plasmid containing the full-

Direct Association of Myo5a Tail with Rab3A

APRIL 22, 2011 • VOLUME 286 • NUMBER 16 JOURNAL OF BIOLOGICAL CHEMISTRY 14353



length cDNA for Drosophila GST-RabGDI was expressed in
Escherichia coli (BL21). The 75 kDa GST-tagged protein was
purified on a GST affinity column and was used in pull-down
experiments as stated above.
The effect of the following reagents on affinity column chro-

matography was tested: 1mMGDP, 1mMGTP, 1mMGTP�S, 2
�M staurosporine (all from Sigma-Aldrich), 20 nM okadaic acid,
and 2 �M CaMKIIi (both from Calbiochem). Triton X-100
treated synaptosomes were incubated in the presence of GDP,
GTP, and GTP�S and protein kinase/phosphatase inhibitors
for 1 h at room temperature and were then applied to GST-
Myo5a tail or GST-RabGDI affinity columns.
Cell Culture and Immunocytochemistry—Primary frontal

cortex neurons from embryonic day 15 Shoe/-NRMI or null
Myo5a mutant mice were prepared as described previously
(39). Briefly, frontal cortices were dissociated by papain enzy-
matic digestion, and then mechanically by transfer pipettes,
and plated on glass coverslips coated with poly-L-ornithine at
1.0� 106 cells/ml. Neurons were prepared for immunofluores-
cencemicroscopy at 6–12 days in vitro. Cells were washedwith
PBS, fixed with 4% paraformaldehyde in 4% sucrose containing
PBS for 20min, treatedwith 50mM ammonium chloride in PBS
for 10 min, and permeabilized with 0.2% Triton X-100 in PBS
for 5 min. Primary (1:100) and secondary (1:300) antibodies
were diluted in 0.2% gelatin in PBS and incubated successively
for 30–60min at room temperature. Coverslips weremounted
in DABCO (Sigma-Aldrich) and observed by fluorescence
microscopy.
Protein Expression and Purification—All recombinant pro-

teins were individually expressed in E. coli (Rosetta II, Nova-
gen) and purified as described previously (40). Cells were har-
vested, resuspended in lysis buffer (50mMTris, pH 7.3; 300mM

NaCl; 5 mM dithiothreitol; 0.2 mg/ml complete protease inhib-
itor mixture), followed by lysis with a microfluidizer cell dis-
rupter and clarification by centrifugation. The clarified super-
natants containing the GST-Myo5a tail protein were passed
over a glutathione-Sepharose column (GSTrapTM FF column,
GEHealthcare) and GST-Myo5a tail was eluted with a gradient
of reduced glutathione. Fractions containing GST-Myo5a tail
were combined, treated with thrombin, and dialyzed with three
changes against PBS containing 5mMdithiothreitol.Myo5a tail
was further purified over a glutathione-Sepharose column fol-
lowed by gel filtration chromatography. The GFP-Rab3A con-
struct (41) was PCR-subcloned into the pHis parallel vector
(42), and purified by nickel affinity chromatography (HisTrap
column, GE Healthcare) followed by dialysis and TEV protease
treatment, and further purification over a HisTrap column.
Finally, all proteins were further purified using a gel filtration
column (Superdex 200, GE Healthcare) pre-equilibrated with
20 mM Tris (pH 7.5), 300 mM NaCl, 1 mM TCEP, and 1 �M

ZnCl2.
Analytical Ultracentrifugation—Analytical ultracentrifuga-

tion experiments were carried out as previously described (43).
A ProteomeLabTM XL-A analytical ultracentrifuge (Beckman
Coulter) equipped with absorbance optics and an eight-hole
An-50 Ti analytical rotor was used for sedimentation experi-
ments that were carried out at 10 °C and 50,000 rpm (200,000�
g) using 3-mm two-sector charcoal-filled Epon centerpieces

with quartz windows. For each protein sample, 300 scans were
collected in a period of �11 h. Sedimentation boundaries were
analyzed by the continuous sedimentation coefficient distribu-
tion (c(s)) method using the program SEDFIT (44).
QuantitativeAnalysis—Images for quantitative analysiswere

saved as PICT files from high-resolution scanned scientific
imaging films (Kodak). Image Gauge software (Fujifilm Inc.)
was used to measure pixel intensities (grayscale intensities) of
proteins detected by Western blot analysis. Measurements of
proteins bound to GST-Myo5a tail or GST-RabGDI were indi-
vidually normalized against the background of each individual
film and renormalized against the signal obtainedwith the same
proteins in synaptosomes. The resulting individual, normalized
signal intensities were averaged for each experiment and ana-
lyzed by a two-tailed t test.

RESULTS

RabGDI Inhibits Myo5a-based Vesicle Motility—In vitro
motility assays were performed to determine whether a Rab
GTPase is involved in neuronal Myo5a-based vesicle transport
(27). Axoplasm from the squid giant axonwas treated with bac-
terially expressed Rab GDP dissociation inhibitor (RabGDI). In
axoplasm preparations on glass coverslips, actin spontaneously
assembled into filaments, forming a network on the coverslip
surface. For these experiments, each axon was divided in half;
one half was incubated in buffer containing RabGDI at concen-
trations between 1 and 20 �M RabGDI and the other half in
buffer containing GST (Fig. 1A). GST, which had no effect, was
used as a control at identical concentrations as RabGDI and
referred to as 0 �M (supplemental video S1). The axoplasmic
actin filament network was stable and did not change in the
presence of GST-RabGDI during observation time (Fig. 1B).
Vesicle movement was observed in the presence of ATP and
motile activity wasmeasured as the number ofmoving vesicles/
field/min. RabGDI inhibited the motile activity in a concentra-
tion-dependent manner (Fig. 1A), and motile activity was
inhibited by 99% in the presence of 20 �M RabGDI (Fig. 1A,
supplemental video S2).
We then used GST-RabGDI as a matrix for affinity chroma-

tography to isolate GDP-bound Rab GTPases. Clarified squid
brain homogenate prepared from squid optic lobes was satu-
rated with 1 mM GDP and applied to an immobilized RabGDI
affinity column. Bound proteins were eluted with glutathione,
then analyzed by SDS-PAGE and Western blots. As a control,
GDP-loaded brain homogenate was applied to a GSTrap col-
umn towhichRabGDIwas omitted. The presence of the 75 kDa
GST-RabGDI fusion protein was confirmed by immunoblot-
ting (Fig. 1C, lane 1). Among the proteins specifically eluted
from RabGDI affinity column, we identified Rab3A (Fig. 1C,
lane 2). These data demonstrated that Myo5-based neuronal
vesicle transport (27) depends on an active Rab GTPase and
that native Rab3A is present in brain homogenates. Thus, our
data are consistent with findings that Rab3A is expressed in
squid brain and is present on SVs (35).
Rab3A/Rabphilin3A Complex Is a Novel Myo5a Binding

Partner—To identify the Rab GTPase that interacts with
Myo5a at the synapse, the synaptosomal fraction isolated from
rat brains rather than whole-brain homogenate was used in
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affinity isolation experiments. The synaptosomal fraction (sup-
plemental Fig. S1) was loaded onto GST-tagged Myo5a tail
affinity columns prepared as described (27) and the bound pro-
teins (BP) were eluted with glutathione (Fig. 2A). We tested the
ability of the GST-tagged fragment of the globular tail domain
of mouse Myo5a to pull-down native kinesin from synapto-
somes to verify its functionality (45). As expected, kinesin was
identified in eluates obtained fromGST-Myo5a tail affinity col-
umns (Fig. 2B). Because of the knowledge that Rab3A is amajor
presynaptic protein, we tested proteins specifically eluted from
GST-Myo5a affinity columns for the presence of Rab3A, which
was confirmedby immunoblotting (Fig. 2B).We also identified
the putative Rab3A effector protein Rabphilin3A in chro-
matographic eluates. These data suggested that the recom-
binant Myo5a tail forms a complex with native Rab3A and
Rabphilin3A. In control experiments, the synaptosomal frac-
tion was loaded onto a GSTrap column to which only GST was
applied. No binding of synaptosomal proteins to affinity col-
umns was detected (supplemental Fig. S2). Rab4A and Rab11,
Rabs shown to be involved inmembrane trafficking and sorting
of endocytosed material between different cell compartments,
were not present in the eluates as revealed by Western blots.
However, Rab11 has been shown to bind to another member of
the myosin-V family, Myo5b, in neurons (46).

We next determined whether Myo5a tail association with
Rab3A is GTP-dependent. Synaptosomal fractions preincu-
batedwith either 1mMGDP alone or 1mMGTP in the presence
of 1 mM GTP�S were loaded onto Myo5a tail affinity columns.
Bound proteins were eluted and their levels in eluates were
measured biochemically by Western blots and normalized
against background intensities and signal intensities obtained
with proteins in synaptosomes. Incubation of the synaptosomal
fraction with GDP increased the amount of both Rab3A and
Rabphilin3A bound to RabGDI (Fig. 2C, left panel, Fig. 2D, left
panel, respectively). Activation of Rab3Awith GTP in the pres-
ence of GTP�S increased binding affinity of Rab3A (Fig. 2C,
right panel) and Rabphilin3A (Fig. 2D, right panel) to Myo5a
tail. In conclusion, these data indicate thatMyo5a tail associates
with Rab3A in a complex with Rabphilin3A in a GTP-depen-
dent manner.
Protein Kinase Activity Regulates Association of Myo5a with

Rab3A—We next tested for a requirement for protein phos-
phorylation for Myo5a tail association with Rab3A. Synapto-
someswere first treatedwith 2�M staurosporine, a broad-spec-
trum inhibitor of protein kinases, and analyzed by Myo5a tail
affinity chromatography. This treatment inhibited Rab3A
binding to theMyo5 tail by 50% as revealed byWestern blots of
eluted fractions (Fig. 3). Treatment with 20 nM okadaic acid, an
inhibitor of protein phosphatase 1 and 2A, increased the bind-
ing activity of Rab3A toMyo5a tail by 90% (Fig. 3). Surprisingly,
the addition of 2 �M CaMKII inhibitory peptide did not affect
the association of Rab3A to theMyo5a tail (Fig. 3). The addition
of protein kinase inhibitors had no significant effect on Myo5a
tail as determined by quantitative Western blot analysis (data
not shown). These results suggest that CaMKII as well as other
protein kinases may be involved in regulating the interaction of
Myo5a and Rab3A on SVs.
The Tail of Myo5a Binds to Rab3A in Dilute-lethal

(Myo5ad-l/d-l/Myo5ad-l/d-l) Synaptosomes—To exclude the
possibility that the interaction between Myo5a and Rab3A is
through a tail/tail interaction between recombinant and
native Myo5a in the synaptosomal fraction, we used a synap-
tosomal fraction isolated from dilute-lethal homozygous-null
mutant mouse brains (Myo5ad-l/d-l/Myo5ad-l/d-l) lacking
Myo5a. These dilute-lethal null mutant mice exhibit impaired
melanosome transport and pronounced neurological symp-
toms (11). First, we compared the protein composition ofwild-
type and null mutant synaptosomes by Western blots. Bio-
chemical characterization revealed that both brain fractions
were similar, except for the expected absence of Myo5a in null
mutant synaptosomes (Fig. 4A). Surprisingly, the detected
amounts of actin and kinesin were significantly higher in null
mutant preparations contrasted with wild-type synaptosomes
(Fig. 4A).
We next performed affinity isolation experiments using the

GST-Myo5a tail. In null mutant chromatographic eluates we
detected not only kinesin but also Rab3A, whereas Rabphilin3A
was not detectable (Fig. 4B). The association of Myo5a tail and
Rab3A from null mutant synaptosomes also was GTP-depen-
dent as revealed by RabGDI column affinity chromatography
(Fig. 4C). In conclusion, our data show that Rab3A from
Myo5a-deficient null mutant synaptosomes interacts with the

FIGURE 1. Myo5a-dependent neuronal vesicle motility requires a Rab
GTPase. A, vesicle motility in squid axoplasm was inhibited by 99% at 20 �M

GST-RabGDI compared with controls (0 �M). All data are mean � S.D. of three
independent experiments. B, 20 �M GST-RabGDI did not affect actin filament
network formation as visualized by fluorescence microscopy after incubation
with 0.5 �M rhodamine-phalloidin. Bar, 5 �m. C, GST-RabGDI was used in an
affinity column to isolate Rab GTPases from squid brain. Western blots of
eluted fractions probed with antibodies to GST (lane 1) and Rab3A (lane 2)
revealed the presence of Rab3A. Rab3A was not present if no RabGDI was
applied to affinity column (lane 3).
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recombinant Myo5a tail and that Rab3A from mutant mice
behaves similarly to Rab3A from wild-type synaptosomes.
Myo5a Associates with Rab3A in Neuronal Cultures—To

investigate the association and functional relevance between
Myo5a and Rab3A in vivo, we cultured frontal cortex neurons
that were isolated from wild-type and null mutant mouse
brains. Using double immunofluorescence microscopy, we
analyzed whether Myo5a is codistributed with Rab3A in these
neuronal cultures. Both proteins exhibited a punctate staining
pattern in the soma and neurites and strong colocalization was
detected between Myo5a and Rab3A in neurites of wild-type
neurons by linescan analysis (Fig. 5A and 5A�). Next, the distri-
bution of Rab3Awas assessed in null mutant neurons and com-
pared with that of wild-type neurons. Null mutant neurons
grew and extended neurites normally in culture and Rab3A had
a staining pattern that was comparable to that in wild-type neu-
rons in the absence of Myo5a (Fig. 5B). No colocalization was
detected between Myo5a and Rab3A immunoreactivity in null
mutant neurons (Fig. 5B�).

To determine whether areas of Myo5a and Rab3A colocal-
ization corresponded to SVs, we analyzed the distribution of
Rab3A and the SV marker synapsin 1 in wild-type and null
mutant mouse neurons (supplemental Fig. S3). We found that
Rab3A and synapsin 1 colocalized in neurites of wild-type neu-
rons (supplemental Fig. S3A) and that both proteins showed
partial colocalization in some areas of null mutant neurons
(supplemental Fig. S3B).
Myo5a Tail Interacts Directly with Rab3A—To determine if

Rab3A interacts directly with Myo5a tail, sedimentation veloc-
ity analytical ultracentrifugation (AUC) was performed on
highly purified recombinant Myo5a tail and Rab3A (Fig. 6A).
Sedimentation velocity profiles for the purified samples were
fitted to a distribution of Lamm equation solutions to deter-
mine the diffusion-free sedimentation coefficient distribution
(c(s)) for each protein (Fig. 6, B and C and Table 1) (44). The
sedimentation velocity profile for 2.6 �M Rab3A showed a
mostly monodisperse distribution in solution that sedimented
with an s value of 1.90 � 0.3 and an experimentally determined

FIGURE 2. Rab3A is a novel Myo5a binding partner. A, synaptosomal fraction (Syn) and bound proteins (BP) eluted from immobilized GST-Myo5a tail affinity
column were analyzed by SDS-PAGE stained with Coomassie. GST-Myo5a tail (84 kDa) and GST (25 kDa) are indicated. B, Western blots of the synaptosomal
fraction (Syn) and bound proteins (BP) eluted from GST-Myo5a tail affinity column are shown. Blots were probed for proteins as indicated. Rab3A was detected
in the eluted fraction. C-D, Rab3A and Rabphilin3A bind to Myo5a tail in a GTP-dependent manner. Inactive GDP-bound Rab3A (C, left panel) and Rabphilin3A
(D, left panel) bind to RabGDI. Active GTP-bound Rab3A (C, right panel) and Rabphilin3A (D, right panel) bind to Myo5a tail in the presence of GTP�S. Signal
intensities of Rab3A and Rabphilin3A were individually normalized against the signal obtained with these proteins in synaptosomes. All data are mean � S.D.
of three independent experiments. Statistically significant differences at p � 0.001 are indicated by asterisks (*).
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molecular mass of 23.5 kDa (Fig. 6B and Table 1). In contrast,
0.51 �M Myo5a tail sedimented as two distinct species with s
values of 3.4 � 1.5 and 5.1 � 0.8 as displayed in the sedimenta-
tion velocity profile (Fig. 6C). Modeling of the sedimentation
coefficients identified two distinct peaks representing mono-
meric (61.5%, 3.4 � 1.5) and dimeric (38.5%, 5.1 � 0.8) species
of the Myo5a tail (Fig. 6C and Table 1). The molecular masses
calculated from the sedimentation coefficients were 52.9 kDa
for the monomeric and 96.8 kDa for the dimeric species of
Myo5a tail very similar to that of the theoretical molecular
masses for the monomer and dimer (54.7 kDa and 109.4 kDa)
(Table 1). To characterize the interaction between Rab3A and
Myo5a tail, 2.6 �M Rab3A and 0.51 �M Myo5a tail were mixed
and sedimentation coefficients were determined in the pres-
ence of GDP or GTP�S.When both proteins were mixed in the
presence of 1mMGTP�S, a direct interactionwas observed and
the protein-protein complex sedimented with s values of 4.3 �
1.3 and 5.9 � 0.6 (Fig. 6D and Table 1). These results suggest a
direct interaction between Myo5a tail and GTP-bound Rab3A.
Further analysis revealed the presence of excess free Rab3A
(67%) and that GTP-bound Rab3A interacts with both the
monomeric (27.5%) and dimeric (5.5%) species of the Myo5a

FIGURE 4. Myo5a is absent from Myo5ad-l/d-l synaptosomes as detected by
Western blot analysis. A, comparison of major proteins present in rat wild
type synaptosomes (Wt) and mouse dilute-lethal synaptosomes (Myo5ad-l/d-l).
Western blots revealed the presence of Rab3A, Rabphilin3A, and synaptophysin
in both synaptosomal preparations, whereas Myo5a is absent in Myo5ad-l/d-l syn-
aptosomes. B, Western blots of bound proteins (BP) eluted from GST-Myo5a
tail affinity columns probed for proteins as indicated. C, Rab3A from
Myo5ad-l/d-l-null mutant synaptosomes binds to Myo5a tail in a GTP-depen-
dent manner. Inactivation of Rab3A in the presence of GDP resulted in bind-
ing of Rab3A (C, left panel) to RabGDI. Activation of Rab3A with GTP in the
presence of GTP�S decreased binding affinity of Rab3A to RabGDI (C, right
panel). Rabphilin3A could not be detected by Western blot analysis.

FIGURE 3. Protein kinase activity regulates the association of Myo5a with
Rab3A. Synaptosomal fractions were preincubated with 2 �M staurosporine
(Stauro), 2 �M CaMKII inhibitory peptide (CaMKIIi), or 20 nM okadaic acid (OA)
and then passed over a GST-Myo5a tail affinity column. Western blots of the
total amount of Rab3A or Rabphillin3A (Syn) and bound proteins (BP)
eluted from GST-Myo5a tail affinity column are shown. 2 �M staurosporine
(Stauro) decreased binding of Rab3A and Rabphilin3A to GST-Myo5a col-
umn. Inhibition of CaMKII activity did not affect the binding affinity of
Rab3A to Myo5a tail but reduced Rabphilin3A binding. Inhibition of pro-
tein phosphatases 1 and 2A increased binding affinity of both Rab3A and
Rabphilin3A to Myo5a tail (OA). Signal intensities of Rab3A and
Rabphilin3A were individually normalized against the signal obtained
with these proteins in synaptosomes. All data are mean � S.D. of three
independent experiments. Statistically significant differences compared
with the controls are indicated by *, p � 0.001.

FIGURE 5. The association of Myo5a with Rab3A is altered in mouse
dilute-lethal (Myo5ad-l/d-l) neurons. A–B, indirect immunofluorescent local-
ization of Myo5a (green) and Rab3A (red) in 12 DIV wild-type (A) and 6 DIV
dilute-lethal Myo5ad-l/d-l (B) mouse frontal cortex neurons. A�–B�, insets show a
high magnification of a dendritic segment where colocalization between
Myo5a and Rab3A was detectable in wild-type (A�) but absent in dilute-lethal
Myo5ad-l/d-l neurons (B�). Fluorescence intensity was measured for Myo5a
(green) and Rab3A (red) along the dendrites shown in the magnified insets
(A�–B�). Bars, 20 �m.
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tail (Fig. 6D). The experimentally obtained molecular masses
were 73.8 kDa for a complex between GTP-bound Rab3A and
monomeric Myo5a tail, and 135 kDa for a complex containing
GTP-bound Rab3A and dimeric Myo5a tail (Table 1). These
masses are similar to theoretical molecular masses for a 1:1
complex between Rab3A and theMyo5a tail monomer at 4.3S*,
and a 1:2 complex between Rab3A and the Myo5a tail dimer at
5.9S*. However, Myo5a tail and Rab3A sedimented as separate
species in the presence of 1 mM GDP (Fig. 6D).

DISCUSSION

Neurotransmission, the process by which neurons commu-
nicate with their target cells, requires a balance between endo-
cytosis and exocytosis of SVs. The release of neurotransmitter
relies on SV trafficking, which involves the coordinated activity
of many proteins including small GTP-binding proteins. Previ-
ous studies have established that Rab3A, a highly abundant
small GTPase on brain SVs in the presynaptic nerve terminal,
controls the Ca2�-mediated release of neurotransmitter (47–
48). However, it is not well understood whether and how SVs
are actively transported between different compartments in the
presynaptic nerve terminal. In this study we confirmed that
Myo5a tail associates with SVs in the rat brain synaptosomal
fraction and we showed for the first time that the globular tail
domain of recombinantMyo5a forms a complex with Rab3A in

aGTP-dependentmanner.We further demonstrated that puri-
fied Rab3A in its GTP-bound form interacts directly with both
monomeric and dimeric species of Myo5a tail. Therefore, we
conclude that Rab3A is the receptor for Myo5a on SVs.
The findings in this report add to the established roles for

Rab3A. It is well known that Rab3A regulates SV trafficking
including targeting, fusion, and repriming of SVs after exocyto-
sis, and regulates the dynamics of the actin cytoskeleton (49).
The cycling of Rab3A between the active GTP-bound or inac-
tiveGDP-bound form is associatedwith changes in the traffick-
ing cycle of SVs at presynaptic nerve terminals. In its GTP-
bound formRab3A is largely associatedwith SVs at the synapse,
while GTP-hydrolysis has been linked to Ca2�-dependent exo-
cytosis resulting in the dissociation of Rab3A from SVs (50–
52). After fusion with the plasma membrane, SVs are retrieved
through endocytosis followed by reassociation of Rab3A with
SVs, a process that is facilitated by RabGDI (5, 53). Stimulation
of synaptic terminals by chemical depolarization resulted in the
redistribution of SVs from the readily releasable pool toward
the active zone (54). This process is completely blocked in
RAB3A knock-out mice indicating an active role for Rab3A in
SV trafficking (55).
Our results help to answer one of the key questions ofmyosin

driven vesicle transport in neurons, i.e. how the motor binds to

FIGURE 6. Purification and characterization of the protein-protein interaction between Myo5a tail and Rab3A. A, Myo5a tail and Rab3A were analyzed by
SDS-PAGE gel electrophoresis stained with Coomassie after protein purification by affinity and gel filtration chromatography. B–D, examples of diffusion-free
sedimentation coefficient distributions (c(s)) derived from sedimentation velocity data of individual Rab3A (2.6 �M, B) and Myo5a tail (0.5 �M, C), and Rab3A plus
Myo5a tail together (D). Separate monomer and dimer peaks were observed in the Myo5a tail sample (C). D, GTP-bound Rab3A was found in association with
monomeric and dimeric Myo5a tail. The diagrams illustrate possible protein-protein interactions between Myo5a tail regions and GTP-bound Rab3A. All
analytical ultracentrifugation experiments were performed in the presence of 1 mM GTP�S or 1 mM GDP.

TABLE 1
Summary of sedimentation coefficients derived from sedimentation velocity analysis of individual Rab3A and Myo5a tail and the Rab3A/Myo5a
tail complex

Protein S*a S20,Wb f/f0c Calculated mass Theoretical mass

kDa kDa
Rab3A � 1 mM GTP�S 1.9 � 0.3 2.1 1.4 23.5 24.9
Myo5a tail � 1 mM GTP�S 3.4 � 1.5 3.6 1.3, 52.9 54.7

5.1 � 0.8 5.4 1.3 96.8 109.4
Rab3A/Myo5a tail �
1 mM GTP�S

4.3 � 1.3 4.6 1.3 73.8 79.6

5.9 � 0.6 6.3 1.5 135 134.3
a S*, experimental sedimentation coefficient determined at 10 °C (� S.E. from two or three independent experiments).
b S20,W, standard sedimentation coefficient after correcting for water at 20°C.
c f/f0, ratio of the experimental frictional coefficient to the theoretical frictional coefficient for a perfect sphere of the same molecular mass.
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vesicles. It has been shown thatMyo5a functions in axonal ves-
icle transport on actin filaments (20). Even though Myo5a has
been implicated in the regulation of secretory vesicle trafficking
its interaction with Rab3A had not been established previously.
Studies ofMyo5a in different cell types shows that this motor is
involved in the capture of vesicles and their actin-based trans-
port, as well as in late steps in exocytosis (56). Thus, our results
support the idea that GTP-bound Rab3A is involved inMyo5a-
dependent vesicle transport.
Distinct members of the Rab family are often used by uncon-

ventionalmyosinmotors to attach to their cargo, to regulate the
motor activity, and to mediate vesicle transport along actin fil-
aments (57–58). Therefore, the formation of theMyo5a/Rab3A
complexes is likely to be a critical step that is required for the
correct binding, translocation, and delivery of cargoes to
the plasmamembrane. The Rab27a/Myo5a interaction was the
first evidence for the association of a RabGTPase and amyosin.
Rab27a is present at the surface of mature melanosomes and
recruits Myo5a via Melanophilin/Slac-2, which regulates its
motor activity (29–30, 59–60). Therefore, melanophilin is
required as a linker protein that targets Myo5a to melano-
somes. Rab3Ahasmultiple binding partners and thereforemul-
tiple functions. A number of Rab effector proteins including
Rabphilin3A contain a Rab-binding domain and a linker
domain, which can interact with the target membrane. As
shown in earlier studies, Rab3A recruits Rabphilin3A to SVs
before docking to the plasma membrane and neurotransmitter
release (5). In this study, we showed that Myo5a forms a com-
plexwith Rab3A andRabphilin3Aon SVs.However, in contrast
toMyo5a attachment to melanosomes, we found that the glob-
ular tail domain of Myo5a interacts directly with GTP-bound
Rab3A on SVs and that Rabphilin3A may not be required for
binding of Rab3A to theMyo5a tail. Furthermore, Rabphilin3A
is not needed for the regulatory functions of Rab3A in neu-
rotransmitter release as demonstrated in Rabphilin knock-out
mice (61).
Similarly, Myo5b associates with Rab11a in a GTP-depen-

dent manner and regulates a step in plasma membrane recy-

cling. This interaction is facilitated by the Rab11 family-inter-
acting protein-2 (Rab11-FIP-2), which links the Myo5b tail to
Rab11a and regulates endosomemovement (31, 62).Moreover,
Rab11 was shown to interact with Myo5b and regulate AMPA
receptor trafficking (46). Myo5c, the third member of the ver-
tebrate class 5 myosins, has been shown to interact with the
transferrin receptor and Rab8a, which regulates the biosyn-
thetic pathway between the Golgi apparatus and the plasma
membrane (12). In addition, Roland et al. (32) demonstrated
the interaction ofMyo5bwith Rab8a in compartments contain-
ing EHDprotein familymembers in the absence of Rab11a (32).
More recently, the same group used dominant-negative Myo5
tail constructs to confirm the interaction of all three vertebrate
class 5 myosins with Rab8a and Rab10 (34). Furthermore, they
showed that multiple Rab GTPases could regulate all class 5
myosins.
AlthoughMyo5a has been shown to bind to SVs that contain

Rab3 those results did not demonstrate a direct binding
between both proteins (18). When we reconstituted the pro-
tein-protein interaction with highly purified recombinant
mouse Myo5a tail and human Rab3A, our functional results
showed a direct interaction between the AF-6/cno-homology
tail region of Myo5a and Rab3A. As Myo5a tail did not bind to
nucleotide-free Rab3A, the data indicated that this interaction
is strongly GTP-dependent. We also found that GTP-bound
Rab3Abinds at a 1:1 stochiometry to themonomericMyo5a tail
in the monomeric form, and at 1:2 stochiometry to the Myo5a
tail in the dimeric form. At present, the exact nature of the
protein-protein interaction in the monomeric and dimeric
forms of Myo5a is not clear. We speculate that binding of
Rab3A to monomeric Myo5a is favored, which could be
explained by the lower Kd value for GTP-bound Rab3A and
Myo5a tail monomer interaction as compared with GTP-
bound Rab3A and the Myo5a tail dimer interaction. Future
studies that distinguish among these possibilities will be
required to understand this protein-protein interaction in neu-
ronal cells.

FIGURE 7. Proposed model for the Myo5a/Rab3A interaction on SVs. This model integrates the SV abundant membrane proteins Rab3A and Rabphilin3A
and illustrates a possible interaction of the Myo5a tail-domain with the SV. A, active or GTP-bound form of Rab3A builds a complex with Rabphilin3A on the
surface of SV that binds directly to the globular tail domain of Myo5a. B, Rab3A dissociates from Myo5a tail and Rabphilin3A after GTP hydrolysis (1) and binds
to RabGDI in its inactive or GDP-bound form (2) until GDP/GTP exchange.
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Protein-protein interactions are important key events for the
correct targeting of proteins and the precise timing of exocyto-
sis in nerve terminals. In a recent study coming fromGiovedi et
al., (8), synapsin 1 has been identified as a binding partner of
SV-associated Rab3A. Synapsin 1 was originally identified as a
phosphoprotein that cross-links the reserve pool of SV away
from the active zone (63).When synapsin 1 becomes phosphor-
ylated by CaMKII, its affinity for SVs and Rab3A is greatly
reduced which causes the release of SVs from the actin cyto-
skeleton (8, 64). However, studies of Myo5a in synaptosomes
isolated from rat hippocampi showed that Myo5a did not bind
directly to synapsin 1 (18). These data were interpreted to sug-
gest that Myo5a could bind to SVs that are mobilized after
release from synapsin/actin interactions. In additional cross-
linking experiments, the same authors identified the synapto-
brevin II/synaptophysin complex as a preliminary binding part-
ner for Myo5a on SVs (18).
Our data provide evidence for a Myo5a tail association with

Rab3AonSVs invitroandareconsistentwith themodelpresented
in Fig. 7.We suggest that GTP-bound Rab3A binds directly to the
AF-6/cno-homology tail region of Myo5a and associates with
Rabphilin3A on SVs (Fig. 7A). After GTP hydrolysis caused by
Ca2�-induced exocytosis the GDP-bound form Rab3A is then
released from the Myo5a tail, where it then binds to RabGDI to
undergo GDP/GTP exchange (Fig. 7B). After release from Rab-
GDI, the GTP-bound or active form of Rab3A can associate with
SVs again and bind toMyo5a or putative effector proteins such as
Rabphilin 3A (5).What could be a possible function forMyo5a in
SV transport and synaptic transmission? It has been shown that
Myo5a is important in recycling and replenishing of synaptic or
neurosecretory vesicles (18, 23, 26, 65). Furthermore, the subcel-
luar localizationofMyo5a inneurons suggests several roles in syn-
apticphysiologyas shownforphotoreceptorcells in theretina (66).
Our findings support the idea that Myo5a is an important factor
forRab3A-mediated synaptic transmission includingSVavailabil-
ity, because neurotransmitter release is regulated by multiple
steps, which includes the release of SVs from the actin cytoskele-
ton, docking to the presynaptic plasma membrane followed by
exocytosis.
In conclusion, we have shown that the tail domain of Myo5a

forms a complex with Rab3A on SVs in vitro. Biochemical and
kinetic studies demonstrated a direct GTP-dependent interac-
tion between Myo5a and Rab3A. A further characterization of
Myo5a binding to SVs and the identification of additional bind-
ing partners will increase our understanding of Myo5a-medi-
ated transport of SVs.
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46. Lisé, M. F., Wong, T. P., Trinh, A., Hines, R. M., Liu, L., Kang, R., Hines,

D. J., Lu, J., Goldenring, J. R.,Wang, Y. T., and El-Husseini, A. (2006) J. Biol.
Chem. 281, 3669–3678

47. Fischer von Mollard, G., Mignery, G. A., Baumert, M., Perin, M. S., Han-
son, T. J., Burger, P.M., Jahn, R., and Südhof, T. C. (1990) Proc. Natl. Acad.
Sci. U.S.A. 87, 1988–1992

48. Geppert,M., Goda, Y., Stevens, C. F., and Südhof, T. C. (1997)Nature 387,
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19, 5834–5846

62. Hales, C.M., Vaerman, J. P., andGoldenring, J. R. (2002) J. Biol. Chem.277,
50415–50421

63. Landis, D. M., Hall, A. K., Weinstein, L. A., and Reese, T. S. (1988)Neuron
1, 201–209

64. Turner, K. M., Burgoyne, R. D., and Morgan, A. (1999) Trends Neurosci.
22, 459–464

65. Schnell, E., and Nicoll, R. A. (2001) J. Neurophysiol. 85, 1498–1501
66. Libby, R. T., Lillo, C., Kitamoto, J., Williams, D. S., and Steel, K. P. (2004)

J. Cell Sci. 117, 4509–4515

Direct Association of Myo5a Tail with Rab3A

APRIL 22, 2011 • VOLUME 286 • NUMBER 16 JOURNAL OF BIOLOGICAL CHEMISTRY 14361


