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Rab proteins influence vesicle trafficking pathways through
the assembly of regulatory protein complexes. Previous investi-
gations have documented that Rab11a and Rab8a can interact
with the tail region of myosin Vb and regulate distinct trafficking
pathways. We have now determined that a related Rab protein,
Rab10, can interact with myosin Va, myosin Vb, and myosin Vc.
Rab10 localized to a system of tubules and vesicles that have par-
tially overlapping localization with Rab8a. Both Rab8a and Rab10
weremislocalized by the expression of dominant-negativemyosin
V tails. Interaction with Rab10 was dependent on the presence of
the alternatively spliced exon D in myosin Va and myosin Vb and
the homologous region inmyosin Vc. Yeast two-hybrid assays and
fluorescence resonance energy transfer studies confirmed that
Rab10 binding to myosin V tails in vivo required the alternatively
spliced exon D. In contrast to our previous work, we found that
Rab11acan interactwithbothmyosinVaandmyosinVbtails inde-
pendent of their splice isoform. These results indicate that Rab
GTPases regulate diverse endocytic trafficking pathways through
recruitment ofmultiplemyosin V isoforms.

Eukaryotic cells are comprised of networks of highly orga-
nized membranous structures that require the efficient and
timely movement of diverse intracellular proteins for proper
function. Molecular motors provide the physical force needed
to move these materials along microtubules and actin micro-
filaments. Unconventional myosin motors, such as those
belonging to classes V, VI, and VII, have roles in the trafficking
and recycling of membrane-bound structures in eukaryotic
cells (1) and are recruited to discrete vesicle populations. Myo-
sin VI is involved in clathrin-mediated endocytosis (2), whereas
myosin VIIa participates in the proper development of stereo-
cilia of inner ear hair cells and the transport of pigment granules
in retinal pigmented epithelial cells (3, 4). Similarly, the three
members of vertebrate class Vmyosins, myosin Va, myosin Vb,
and myosin Vc, are required for the proper transport of a wide

array of membrane cargoes, such as the melanosomes of pig-
ment cells, synaptic vesicles in neurons, apical recycling endo-
somes in polarized epithelial cells, and bulk recycling vesicles in
non-polarized cells (5).
Members of the Rab family of small GTPases regulate many

cellular systems, includingmembrane trafficking (6, 7). Certain
Rab proteins associate with and regulate the function of class V
myosins. Rab27a, in a complex with the adaptor protein mela-
nophilin/Slac2-a, is required to localize myosin Va to the sur-
face of melanin-filled pigment granules in vertebrates (8–10),
whereas Rab27a and Slac2-c/MyRIP associate with both myo-
sin Va and myosin VIIa (3, 11). Rab11a, in a complex with its
adaptor protein Rab11-FIP2, associates with myosin Vb on
recycling endosomes (12–14) where the tripartite complex reg-
ulates the recycling of a variety of cargoes (15–19). In addition,
Rab8a associates with both myosin Vb (20) and myosin Vc (21)
as part of the non-clathrin-mediated tubular recycling system
(20). Recently, Rab11a has also been shown to associate with
myosin Va in the transport of AMPA receptors in dendritic
spines (22), contributing to the model of myosin V regulation
by multiple Rab proteins.
Previous investigations have documented alternative splic-

ing of myosin Va in a tissue-specific manner (23–28). Alternate
splicing occurs in a region lying between the coiled-coil region
of the neck of the motor and the globular tail region. Three
exons in particular are subject to alternative splicing: exons
B, D, and F (23–25). Exon F is critical for association with
melanophilin/Slac2 and Rab27a (8, 9, 29, 30). Additionally,
exon B is required for the interaction of myosin Va with
dynein light chain 2 (DLC2) (27, 28). Currently no function
for the alternatively spliced exon D has been reported. Sim-
ilar to myosin Va, myosin Vb contains exons A, B, C, D, and
E, whereas no exon F has yet been identified in myosin Vb
(Fig. 1A). In addition, exon B inmyosin Vb does not resemble
the dynein light chain 2 (DLC2) binding region in myosin Va
(27, 28), and therefore, it likely does not interact with DLC2.
On the other hand, exon D is highly conserved among myo-
sin Va, myosin Vb, and myosin Vc, suggesting a common
function in these molecular motors.
Here we report that Rab10, a protein related to Rab8a and

thought to have similar function (31–35), localizes to a system
of tubules and vesicles overlapping in distribution with Rab8a
in HeLa cells. Utilizing dominant-negative myosin V tail con-
structs, we show that Rab8a and Rab10 can interact with myo-
sin Va, myosin Vb, and myosin Vc in vivo. In addition, we have
determined that the alternatively spliced exonD in bothmyosin
Va and myosin Vb is required for interaction with Rab10. In
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contrast to our previous findings, we demonstrate that Rab11a
is able to interactwith bothmyosinVa andmyosinVb tails in an
exon independent-manner. These results reveal that multiple

Rab proteins potentially regulate all
three class V myosin motors.

EXPERIMENTAL PROCEDURES

Plasmids and DNA—The fol-
lowing DNA constructs have been
previously described: pBD-Rab8a,
pBD-Rab11a (12); pBD-Rab11-FIP2
(13); pEGFP-myosin Vc-tail (21);
myc-EHD3 (36); mCherry (a gift
from Dr. Roger Tsien, University
of California San Diego) (37),
pmCerulean-C1 (38), pmVenus-C1
(39). The species origin and amino
acid boundaries of the myosin V
tails used are as follows: mouse
myosin Va tail-melanocyte splice
form (carboxyl-terminal 637 amino
acids including exonsA, C,D, E, and
F) and brain splice isoform (carbox-
yl-terminal 588 amino acids includ-
ing exons A, B, D, and E) were gifts
from Dr. John Mercer, McLaughlin
Research Institute, Great Falls, MT
(24); human myosin Vb tail (Gen-
BankTM accession number NM
001080467, amino acids 1242–1829)
was a gift fromDr. TakahiroNagase,
Kazusa DNA Research Institute,
Chiba, Japan; human myosin Vc tail
is (GenBankTM accession number
AL133643, amino acids 902–1741)
was a gift from Dr. Richard Cheney,
University of North Carolina at
Chapel Hill. Myosin Va-tail con-
structs were subcloned tomatch the
size of themyosin Vb tail constructs

using the following primers: 5�-GACGACGAATTCGGTGC-
GCCTGCTTACCGAGTCC-3� and 5�-GACGACGTCGACT-
CAGACCCGTGCGATGAAGCCCAGG-3�. The resulting
PCR products were subcloned into pEGFP-C1 (Clontech Lab-
oratories, Mountain View, CA), pAD-GAL4 (Stratagene, La
Jolla, Ca), and mCerulean-C1 using the EcoRI and SalI restric-
tion sites. Human myosin Va tail splice isoforms ABCDE and
ABCE were cloned from a HeLa cell line, whereas the ACE
splice isoform was (GenBankTM accession number EU921839)
cloned from a human gastric cancer cell line, MKN7. Myosin
Vb tail constructs were created using the following primers:
5�-CCGGGGGTCGACGGCTCCCCAGATAGCTACAGCC-
TCC-� and 5�-AAAAAAGGATCCTCAGACTTCATTGAG-
GAATTCCAG-3�. The PCR product was subcloned into the
same plasmids using the SalI and BamHI restriction sites.Myo-
sin Vb-tail lacking exon D (�D) was created by nested PCR
using the following primers: 5�-CCTATCACGGGGTCTGCC-
AGACAAACAGGCTGCTGGAGGCTCAGCTGC-3� and 5�-
GCAGCTGAGCCTCCAGCAGCCTGTTTGTCTGGCAGA-
CCCCGTGATAGG-3�.

FIGURE 1. Tissue distribution of human myosin Va and myosin Vb splice isoforms. A, schematic of the alterna-
tive exon organization in the tails of myosin Va and myosin Vb. It is known that exons B, D, and F are subject to
alternative splicing in myosin Va, whereas there is only evidence that exon D is alternatively spliced in myosin Vb,
which does not contain exon F. B, alignment of exon D sequences from mouse and human myosin V’s. myosin Va
and myosin Vb both contain exon D (amino acids 1320–1346 of myosin Va and 1315–1340 of myosin Vb), whereas
myosin Vc contains an exon D-like region (amino acids 1124–1147 of human myosin Vc) that is not known to be
alternatively spliced. Alignment of the exon D regions from all three motors reveals a high degree of homology,
especially in the center of the exon. Asterisks indicate amino acid identities. C, PCR-based analysis of human tissue
panels reveals the alternative splicing pattern of exon D in myosin Va and myosin Vb. Primers flanking the region
encoding exon D for both motors were used to amplify cDNA from human MTCTM panels (Clontech). cDNA ampli-
fied from HeLa cell RNA as well as myosin Va and myosin Vb tail constructs were used as positive controls. Variants
expressing exon D (upper bands) and lacking exon D (lower bands) were visible. Per., peripheral; Pos., positive.

TABLE 1
Exon D is required to interact with Rab10. The table illustrates that only those
myosin V tails that contain exon D were able to react with the Rab10 bait in a
blue/white yeast two-hybrid assay. In addition, all of the myosin Va and myosin Vb
tails tested were able to interact with Rab11a and Rab11-FIP2 regardless of alternate
exon usage. Rab8a interacted with myosin Va tails with exon D (ABCDEF, ACDEF,
and ABCDE), with myosin Vb tail without exon D (ABCE), and with myosin Vc tail
(which expresses exon D) but did not interact with myosin Va tails lacking exon D
(ABCE and ACE) and myosin Vb tail with exon D (ABCDE). Similar to the results
for the full tail segments, GAL4 fusion constructs expressing only exons A, B, C, D,
and E ofmyosinVb (lacking the globular tail domain) interactedwith Rab10, but not
Rab8a, whereas exons A, B, C, and E interacted with Rab8a but not Rab10. Neither
set of exons interacted with Rab11a or Rab11-FIP2.

pAD- pBD-Rab8a pBD-Rab10 pBD-Rab11a pBD-Rab11-FIP2

Myosin Va tail (ABCDEF) � � � �
Myosin Va tail (ACDEF) � � � �
Myosin Va tail (ABCDE) � � � �
Myosin Va tail (ABCE) � � � �
Myosin Va tail (ACE) � � � �
Myosin Vb tail (ABCDE) � � � �
Myosin Vb tail (ABCE) � � � �
Myosin Vc tail � � � �
Myosin Vb Exons ABCDE � �/� � �
Myosin Vb Exons ABCE � � � �
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Tissue Distribution—Alterna-
tively spliced isoforms ofmyosin Va
and myosin Vb were identified in
human tissues using cDNA from
human MTCTM Panel I and human
MTCTM Panel II from Clontech
Laboratories Inc. PCR was per-
formed using the following primers
for myosin Va (5�-GCCAGAAA-
GAGGCCATCCAACCCAAGG-3�
and 5�-GGTCAGCCGGGTGATC-
TCGTGCTGCAGGC-3�) and for
myosin Vb (5�-CTCGCCGGCAG-
GAACGCGGAGCCG-3� and
5�-CTCGAGCTGAGCCTTGAG-
ATGCTCCACC-3�).
Yeast Two-hybrid Assays—Yeast

two-hybrid assays were performed
as described previously (13). Briefly,
the yeast strain Y190 was co-trans-
formedwith various Rab baits in the
pBD-GAL4 plasmid and the myosin
Va, Vb, and Vc tails (with and with-
out exon D), myosin Vb exons A-B-
C-D-E alone, or myosin Vb exons
A-B-C-E alone in the pAD-GAL4
prey plasmid. Transformed yeast
were plated on dual-deficient syn-
thetic dropout media (SD/�Leu/
�Trp) and allowed to grow at 30 °C
for 72 h. Surviving colonies were
transferred onto filter paper discs
(VWR, Westchester, PA), lysed by
freezing twice in liquid N2, and
incubated in 300 �g/ml 5-bromo-4-
chloro-3-indolyl-�-D-galactopyran-
oside (X-gal) for up to 4 h to test for
lacZ expression.
Immunocytochemistry—HeLa cells

grown on glass coverslips were tran-
siently transfected with plasmids
encoding EGFP-,2 mCerulean-, or
mVenus-tagged constructs using
Effectene transfection reagent (Qia-
gen, Chatsworth, CA) according to
the manufacturer’s recommenda-
tions. Cells were incubated at 37 °C in
5% CO2 for 18 h after transfection.
Coverslips were rinsed once with
phosphate-buffered saline and then
incubated in 4% paraformaldehyde
for 10min at room temperature to fix
the cells. Permeabilization and block-
ing was performed by incubation of

2 The abbreviations used are: EGFP, enhanced
greenfluorescentprotein;FRET, fluorescence
resonance energy transfer.

FIGURE 2. Endogenous Rab10 localizes to a system of tubules and vesicles and partially co-localizes with
Rab8a- and myc-EHD3-labeled tubules. A–C, HeLa cells stained with anti-Rab8a, anti-Rab10, or anti-Rab11a poly-
clonal primary and Cy3-labeled secondary antibodies were imaged by confocal microscopy. In a typical HeLa culture
�17% (�1.2 S.E.) of cells showed a tubular Rab8a or Rab10 pattern, whereas the rest showed a vesicular distribution.
D and E, HeLa cells transfected with mCherry-Rab10 (left) and stained with anti-Rab8a polyclonal primary and
Alexa488-labled secondary antibodies (center). The merged image (right) shows that Rab8a localized with Rab10 on
the peripheral ends of some but not all tubules. F and G, HeLa cells transfected with Myc-tagged EHD3 and stained
with Alexa-488-labeled secondary antibodies (center) were co-stained with anti-Rab10 or anti-Rab8a polyclonal
primary antibodies and Alexa-568-labeled secondary antibodies (left). Merged images (right) demonstrate that
Rab10 only partially co-localizes with EHD3 (see inset). Scale bars represent 10 �m in panels A–D, F, and G and 5 �m
in panel E.
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the coverslips in blocking buffer
(phosphate-buffered saline with 1%
bovine serum albumin and 0.1%
Triton-X-100) for 1 h. Blocking
buffer was used for all subsequent
steps. Cells were incubatedwith pri-
mary antibodies for 1 h, washed 3
times for 10 min, incubated with
secondary antibodies for 1 h,
washed 3 times for 10min, and then
mounted onto glass microscope
slides with Prolong Antifade rea-
gent with DAPI (Invitrogen). Anti-
bodies used in this study have been
previously described: rabbit poly-
clonal anti-Rab8a (40); VU57, rabbit
polyclonal anti-Rab11a (41); 8H10,
murine monoclonal anti-Rab11a
(42); 9E10, murine monoclonal
anti-myc (Covance, Berkeley, CA);
murine monoclonal anti-CD71
(Invitrogen). The rabbit polyclonal
antibody against Rab10 (VU132/
134) was raised against a specific
peptide sequence at the carboxyl-
terminal variable domain, CKT-
PVKEPNSENVDIS. KLH was
covalently attached to the amino-
terminal cysteine for immunization
of the rabbits (Covance, Denver,
PA). The antibodywas affinity-puri-
fied against the immunizing peptide
using a SulfoLink Immobilization
kit (Thermo Scientific, Waltham,
MA) according to the manufactur-
er’s instructions. The purified anti-
body displayed a single 23-kDa band
upon Western blotting of HeLa cell
lysates thatwas sensitive to blocking
by the Rab10 peptide (supplemental
Fig. 1). Confocal images were cap-
tured on an LSM510 confocal
microscope (Zeiss, San Jose, CA)
using a 60� objective lens. Quanti-
fication of the percentage of co-lo-
calization was performed using
Metamorph software.
Fluorescence Resonance Energy

Transfer (FRET)—FRET micros-
copy was performed as previously
described (20, 43). HeLa cells grown
on glass coverslips were co-trans-
fected with mCerulean-tagged
myosin Va or myosin Vb tails and
mVenus-tagged Rab8a, Rab10, or
Rab11a as described above. For
FRET measurements, coverslips
were inverted onto a silicone mem-
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brane sealed to a glass slide. Digital images were captured on
an LSM510 (Zeiss) equipped with a 40 milliwatt argon laser
and a 40� objective lens. Three pre-bleach images were
taken of both mCerulean (excited at 458 nm) and mVenus
(excited at 514 nm) fluorescence. Acceptor photo-bleaching
was achieved by exciting with 100 bursts of 514-nm wave-
length light at 100% transmission. This was followed by the
collection of three post-bleach images. The fluorescence
intensity of the photobleached region of interest was meas-
ured using the Zeiss LSM software, and the average of the three
pre-bleach images was compared with the average of the
three post-bleach images after background subtraction. The
FRET efficiency was calculated as E � 100(mCeruleanpost �
mCeruleanpre)/mCeruleanpost, wheremCeruleanpre is the aver-
age fluorescence intensity before photobleaching, and
mCeruleanpost is the average after photobleaching. FRET
data were collected for 10 cells per experimental condition,
and each experiment was repeated three times. The results of
thirty FRET data sets were averaged for each condition. As a
control, the fluorescence intensity of mCerulean-myosin V
tails expressed alone was measured both before and after
photobleaching.

RESULTS

Distribution of Myosin Va and Myosin Vb Alternative Splice
Variants in Human Tissues—Three exons of myosin Va are
known to be alternatively spliced in a tissue-specific manner:
exons B, D, and F (23–28). Previous studies have established
roles for exon F and exon B, yet no function for the alternatively
spliced exon D has been reported. Exon D is highly conserved
betweenmyosinVa,myosinVb, andmyosinVc,which contains
a region homologous to exon D that is not known to be alter-
natively spliced (Fig. 1B), suggesting a common function in all
three motors.
AlthoughmyosinVa is known to undergo alternative splicing

in human tissues, little is known about alternative splicing of
myosin Vb. Previous work has suggested that myosin Vb may
indeed be subject to alternative splicing (44). To determine the
existence and distribution of exon D splice variants of myosin
Vb in human tissues, we screened two cDNA tissue panels from
Clontech Laboratories) by PCRusing primers corresponding to
exon C and exon E (Fig. 1A). For comparison, we also screened
splicing in myosin Va transcripts. Fig. 1C demonstrates that, as
with myosin Va, myosin Vb is indeed alternatively spliced in a
tissue-specific manner but with a unique pattern of distribu-
tion. Specifically, althoughmyosin Va lacks exonD in the brain,
two isoforms of myosin Vb with and without exon D are appar-
ent. Conversely, only the exon D-lacking isoform of myosin Vb
is found in tissues such as kidney, pancreas, and testis, whereas
both isoforms of myosin Va are present.

Yeast Two-hybrid Assays Reveal a Role for Exon D—Previous
work done in our laboratory has utilized a rabbit clone of myo-
sin Vb, which lacks exon D, and the corresponding chicken
brain isoformofmyosinVa (which also lacks exonD). To deter-
mine if the presence or absence of exon D in both of these
motors could affect their ability to interact with various Rab
GTPases, we performed yeast two-hybrid assays on splice vari-
ants of bothmotors. These includemousemyosin Va carboxyl-
terminal tail isoforms from melanocytes (containing exons
ABCDEF or ACDEF), human myosin Va containing exons
ABCDE and ABCE cloned from HeLa cells, or a fully spliced
isoform lacking exons B, D, and F (containing exons ACE)
cloned fromahuman gastric cancer cell line, similar to a variant
identified in human melanocytes (45) and human myosin Vb
carboxyl-terminal tail isoforms with (exons ABCDE) (46) and
without (ABCE) exon D as well as human myosin Vc carboxyl-
terminal tail (21). All were screened against Rab8a, Rab10,
Rab11a, and Rab11-FIP2 (Table 1).
The results in Table 1 demonstrate that Rab10 was only able

to interact with those myosin V tail constructs expressing exon
D, suggesting that exonD is specifically required for interaction
with Rab10. The binding pattern for Rab8a was not as straight-
forward. Rab8a is able to interact with those isoforms ofmyosin
Va that contain exon D but not those that lack exon D. In con-
trast, Rab8a only interacted with the isoform of myosin Vb tail
that lacks exon D. Myosin Vc tail interacted with both Rab8a
and Rab10, whereas it did not interact with Rab11a. Rab8a also
interactedwith a construct expressing only the amino-terminal
180 amino acids of human myosin Vb tail lacking exon D
(MVb-ABCE) but not a matching construct that included exon
D (MVb-ABCDE). These constructs encode sequences from
the beginning of the tail in exon A to the beginning of the glob-
ular portion of the tail after exon E (corresponding to amino
acid 1440 of human full myosin Vb tail). These results indicate
that for myosin Vb, exons A, B, C, and E represent a minimal
binding domain for Rab8a, and the presence of exon D destabi-
lizes this binding domain.
Surprisingly, bothmyosin Va andmyosin Vb interacted with

Rab11a and Rab11-FIP2 regardless of splice isoform. We have
previously reported that the chicken myosin Va tail was unable
to interact with Rab11a by yeast two-hybrid (12, 13, 20). Scru-
tiny of the DNA sequences used in those previous experiments
revealed an unrecognized mutation in the clone of chicken
myosin Va tail which resulted in a frameshift near the carboxyl
terminus of the protein. These results are supported by recent
evidence that myosin Va and Rab11a form a complex in hip-
pocampal neurons (22) and that yeast class V myosin, Myo2p,
interacts with a yeast isoform of Rab11, Ypt32p (47, 48).

FIGURE 3. Only myosin V tails expressing exon D alter endogenous Rab10 distribution. A, HeLa cells transfected with EGFP-myosin Va tail splice isoform
containing exon D (EGFP-MVa-tail �D) and stained for Rab10. EFGP-myosin Va tail �D caused endogenous Rab10 to mislocalize to EGFP-labeled puncta.
B, EGFP-myosin Va tail-brain splice isoform, which lacks exon D (EGFP-MVa-tail �D), also localized to disperse puncta but was unable to recruit endogenous
Rab10. C and D, HeLa cells transfected with EGFP-myosin Vb tail expressing exon D (EGFP-MVb-tail �D) or lacking exon D (EGFP-MVb-tail �D) and stained for
Rab10. Both splice variants of EGFP-myosin Vb tail localized to a perinuclear cisternum, but only myosin Vb tail expressing exon D caused Rab10 to mislocalize
to the same cisternum. E and F, HeLa cells transfected with wild-type EGFP-myosin Vc tail, which contains an exon D-like domain (EGFP-MVc-tail) or a synthetic
construct lacking exon D (EGFP-MVc-tail �D) and stained for Rab10. Similar to myosin Va and myosin Vb, myosin Vc tail required exon D to recruit Rab10. Scale
bars in all panels represent 10 �m. Percent co-localization (�S.E.) are listed in the merged images on the right of each panel (n � 10). *, statistically significant
difference comparing �D and �D constructs (p 	 0.001).
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Endogenous Rab10 Shows a
Tubular Distribution Similar to
Rab8a in HeLa Cells—Rab10 is a
mammalian homologue of the yeast
Sec4p GTPase and is highly homol-
ogous to Rab8a, Rab8b, and Rab13
(49). Like Rab8a, Rab10 is involved
with the regulation of membrane
trafficking in both polarized and
non-polarized cells (31–35). We
probed HeLa cells with a specific
rabbit polyclonal antibody raised
against a peptide sequence unique
to human Rab10 to determine
endogenous Rab10 localization. As
seen in Fig. 2B, Rab10 localized to a
network of long tubules in some
cells and small vesicles in others,
strikingly similar to the pattern of
Rab8a (Fig. 2A) localization in HeLa
cells (20, 40). This tubular pattern
was absent when the antibody was
blocked with the specific Rab10
antigen peptide (supplemental
Fig. 1). These same tubules were
observed in cells expressing a
monomeric fluorescent protein
(mCherry)-tagged human Rab10
(Fig. 2D). Endogenous Rab8a par-
tially co-localized with these
mCherry-Rab10-labeled tubules
(Fig. 2, D and E). Interestingly,
Rab8a localized to the peripheral
ends of the Rab10-labeled tubules.
Nevertheless, although some
Rab8a-positive tubules were double
positive for Rab10, somewere single
positive for either Rab8a or Rab10.
Rab8a colocalizes with EHD3, a
marker of the tubular recycling net-
work (20). Similar to Rab8a, Rab10
partially localized to the network of
EHD3-positive tubules (Fig. 2F),
although not as completely as Rab8a
co-localized with EHD3 (Fig. 2G).
Thus, these two Rab proteins may
associate with overlapping, yet dis-
tinct trafficking networks.
Myosins Va, Vb, and Vc Require

Exon D to Colocalize with Rab10—
To determine how the alternate
usage of exon D in myosin Va, Vb,
and Vc affected association with
Rab8a, Rab10, and Rab11a in vivo,
HeLa cells were transfected with
EGFP-tagged myosin Va, Vb, and
Vc tails with or without exon D.
Transfected cells were probed for

Rab10 Interacts with Myosin V Exon D

1218 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 2 • JANUARY 9, 2009

http://www.jbc.org/cgi/content/full/M805957200/DC1


endogenous Rab10 using a specific polyclonal antibody. Fig. 3A
shows that endogenous Rab10 localization was altered by the
expression of dominant-negative myosin Va tail containing
exon D (�D). In cells expressing myosin Va tail �D, Rab10 did
not localize to tubules but, rather, co-localized with the large,
labeled foci throughout the cytoplasm. In contrast, myosin Va
tail lacking exon D (�D) when expressed in HeLa cells did not
alter Rab10 localization (Fig. 3B). Similarly, myosin Vb tail with
exonD (Fig. 3C) but notmyosin Vb tail lacking exonD (Fig. 3D)
altered Rab10 localization. EGFP-myosin Vb tail �D caused
endogenous Rab10 to collapse into EGFP-positive perinuclear
clusters. EGFP-myosin Vb tail �D still formed these clusters
but was unable to recruit Rab10. In agreement with our obser-
vations for myosins Va and Vb, wild-type myosin Vc tail
expressing the exon D-like region altered Rab10 localization
(Fig. 3E), whereas a synthetic construct of EGFP-myosin Vc tail
lacking exon D (�D) did not affect Rab10 localization (Fig. 3F).
These data confirmed our yeast two-hybrid findings that exon
D was critical for Rab10 association with the tails of class V
myosin motors. It was notable, however, that the distributions
of the myosin V tails were strikingly different. Supplemental
Videos 1–3 demonstrate that the peripheral myosin Va tail
puncta and pericentrosomal myosin Vb tail clusters were
dynamic structures. Myosin Vc tail localized to more static
structures.
Rab8a Association with Myosin Va and Myosin Vb Is Not

Strictly Dependent on Exon D—Similar to the results observed
in yeast two-hybrid assays, Rab8a association with myosin Va
tail and myosin Vb tail was not simply determined by the pres-
ence or absence of exon D. Expression of EGFP-myosin Va tail
with exon D (Fig. 4A) caused the redistribution of endogenous
Rab8a, whereas EGFP-myosin Va tail lacking exon D (Fig. 4B)
did not, in agreement with our previous data (20). In contrast,
expression of EGFP-myosin Vb tail caused the redistribution of
Rab8a regardless of whether exon D was present or not (Fig. 4,
C and D), whereas expression of myosin Vc tail lacking exon D
(�D) abolished co-localization with Rab8a (Fig. 4F). With the
exception of the effects of the loss of exon D on Rab8a
association, these findings generally agreed with the yeast two-
hybrid results (Table 1). The discrepancy in the case of Rab8a
binding to myosin Vb with exon D may reflect a change in
affinity between Rab8a and themyosin V tail or a global change
inmyosin Vb conformation rather than a simple disruption of a
Rab8a binding domain.
Rab11a Co-localizes with Myosin Va and Myosin Vb in an

Exon-independent Manner—Expression of EGFP-tagged myo-
sinVa andmyosinVb tails revealed that Rab11a associates in an
exon-independent manner. In contrast to our previous reports
using chicken myosin Va (12, 13), Rab11a co-localized with
both the exon D-containing (Fig. 5A) and exon D-lacking (Fig.
5B) splice isoforms of myosin Va tail. Similarly, Rab11a co-
localized with both isoforms of EGFP-myosin Vb tail (Fig. 5, C

and D). Although both myosin Vb tails containing or lacking
exon D accumulated Rab11a in a pericentrosomal collapsed
cisternum, bothmyosin Va tail constructs accumulated Rab11a
in smaller puncta located more peripherally throughout the
cells, similar to the distributions noted for the myosin V tails in
previous figures. In addition, both EGFP-myosin Va and myo-
sin Vb tails caused the accumulation of transferrin receptor
(CD71) in transfected cells independent of splice isoform (Fig.
6). Similarly, major histocompatibility complex class I recycling
was altered by the expression of any of themyosin Va andmyo-
sin Vb tails (supplemental Fig. 2). As observed with the Rab
proteins, bothmyosin Vb tail isoforms accumulated transferrin
and major histocompatibility complex class I receptors in a
perinuclear tubular cisternum, whereas the myosin Va tails
concentrated both receptors in puncta dispersed in the cell
periphery. Thus, bothmyosin Va andmyosinVb can be utilized
for Rab11a-mediated recycling.
In Situ Association of Myosin V Isoforms with Rab Proteins—

To evaluate protein-protein interactions between myosin V
tails and Rab proteins in situ, we performed FRET studies
between the Rab proteins and myosin V tails using acceptor
photobleaching FRET (43). In thismethod FRETwasmeasured
by analyzing the increase in the fluorescent signal of the donor
tag before and after the acceptor tag is photobleached. Myosin
Va and Vb tails were tagged with the monomeric cyan fluores-
cent protein derivative,mCerulean (38), whereas Rab8a, Rab10,
and Rab11a were tagged with the monomeric yellow fluores-
cent protein derivative, mVenus (39). HeLa cells were co-trans-
fected with mCerulean-tagged myosin V tails with or without
exon D and a monomeric Venus-tagged Rab construct. Fig. 7
illustrates that FRET was observed between the myosin Va or
Vb tails expressing exonD and Rab8a, Rab10, and Rab11a. Sim-
ilarly, FRETwas noted between themyosin Vb tail lacking exon
D and either Rab8a or Rab11a. The mCerulean-tagged myosin
V tails expressed alone were subject to the same photobleach-
ing procedures. These controls showed no FRET, with percent
efficiencies of energy transfer similar to those values observed
for myosin V tails lacking exon D and Rab10. These results
agree with and support the yeast two-hybrid and in vivo data,
demonstrating that class Vmyosin motors are able to associate
with multiple Rab proteins.

DISCUSSION

Unconventional myosin motors, especially class V myosins,
play critical roles in the proper trafficking and recycling of a
large number of diverse intracellular cargoes. Many investiga-
tors have elucidated the roles thatmembers of the Rab family of
small GTPases play in the regulation and localization ofmyosin
V in a variety of organisms. Previous studies have revealed that
Rab27a, along with its adaptor proteins melanophilin/Slac2-a
and Slac2-c/MyRIP, link myosin Va to distinct cargo mem-
branes. Similarly, Rab11a and its adaptor protein Rab11-FIP2

FIGURE 4. Myosin Va, Vb, and Vc tails alter endogenous Rab8a distribution. A and B, HeLa cells transfected with EGFP-myosin Va tail �D or EGFP-myosin
Va tail �D and stained for Rab8a. As with Rab10, EGFP-myosin Va tail �D caused endogenous Rab8a to mislocalize to EGFP-labeled puncta, whereas
EGFP-myosin Va tail �D did not co-localize with Rab8a. C and D, expression of either splice variant of EGFP-myosin Vb tail (�D or �D) caused Rab8a to
redistribute to the EGFP-labeled perinuclear cisternum. E and F, only wild-type EGFP-myosin Vc tail, which contains an exon D-like domain, was able to recruit
Rab8a, whereas MVc-tail-�D did not. Scale bars in all panels represent 10 �m. Percent co-localization (�S.E.) are listed in the merged images on the right of each
panel (n � 10). *, statistically significant difference comparing �D and �D constructs (p 	 0.001).
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form a complex with myosin Vb that is critical for the recycling
of many different receptors. Recent work from our laboratory
has demonstrated that myosin Vb is utilized in two distinct
intracellular recycling systems through its interactions with
either Rab8a or Rab11a (20). Our current studies demonstrate
that all three vertebrate classVmyosins,myosinVa,myosinVb,
andmyosinVc, can interact with Rab8a and the related protein,
Rab10. Rab10 is thought to act in a similar recycling pathway as
Rab8a (32, 35), and the two Rabs share a common GTPase-
activating protein (GAP), AS160 (34). Rab8a and Rab10 have
partially overlapping localizations in HeLa cells, and both pro-
teins are mislocalized by expression of dominant-negative
EGFP-myosin Va, Vb, and Vc tail fusion proteins.

Previous investigations have
determined that a single exon in
myosin Va (designated exon F)
determines interaction with Rab27a
in conjunction with melanophilin
(8, 9, 29, 30). We have now identi-
fied the structural basis of the inter-
action of Rab10 with myosin V tails.
The alternatively spliced exon D
found in myosin Va and myosin Vb
is required for Rab10 binding. In
addition, we have determined that
Rab8a interacts with myosin Vb in
the region of the alternate exons and
that exon D perturbs this interac-
tion in yeast two-hybrid assays with
myosin Vb, although this perturba-
tion is overcome in vivo. Con-
versely, exon D is required for myo-
sin Va interaction with both Rab10
and Rab8a. Likewise, myosin Vc is
also able to interact with both Rab8a
and Rab10, and deletion of the exon
D-like domain of myosin Vc dis-
rupted association with both pro-
teins. These results demonstrate
that alternative exon splicing can
determine the interaction of partic-
ular isoforms of myosin V motors
with specific Rab proteins. It
remains unclear whether myosin V
isoforms containing exon D can
bind simultaneously to both Rab8a
and Rab10.
In contrast to our previous

reports, we were able to demon-
strate that myosin Va is indeed able
to interact with Rab11a and Rab11-
FIP2 in the same manner as myosin
Vb. Unlike Rab8a and Rab10, the
presence of exon D was dispensable
for interaction with Rab11a, which
associates with the globular tail
regions distal to exon E of myosin
Vb (12). Although expression of the

different EGFP-myosin Va tail or myosin Vb tail isoforms
caused accumulation of endogenous Rab proteins in discrete
puncta, it is notable that the patterns of distribution were
remarkably different. Although the myosin Vb tail constructs
formed large perinuclear tubular cisternae, myosin Va tail con-
structs elicited the formation of small membrane puncta
throughout the periphery of the cells. Nevertheless, expression
of any of themyosin Va andmyosin Vb tail isoforms could alter
transferrin receptor trafficking. These results indicate that the
potential functions of myosin Va and myosin Vb may lie in
differentiable steps inmembrane-trafficking pathways. The dif-
ferent patterns of distribution for the tail constructsmay reflect
the association of motor complexes with specific regulatory

FIGURE 5. Myosin Va and myosin Vb tails alter endogenous Rab11a distribution in an exon-independ-
ent manner. A and B, HeLa cells transfected with EGFP-myosin Va tail �D or EGFP-myosin Va tail �D and
stained for endogenous Rab11a. Unlike Rab8a and Rab10, Rab11a co-localized with both splice isoforms
of myosin Va tail in scattered puncta. C and D, similarly, expression of either splice isoform of EGFP-myosin
Vb tail (�D or �D) caused endogenous Rab11a to localize to the EGFP-labeled perinuclear cisterna. Scale
bars in all panels represent 10 �m. Percent co-localization (�S.E.) are listed in the merged images on the
right of each panel (n � 10).
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proteins. Therefore, although the present studies suggest that
myosin V motors can be utilized in a number of contexts by
multiple Rab proteins in the same cells, some specificity of
functions must account for the differences in regional
distributions.
The present investigations also suggest that Rab proteins

determine the majority of trafficking specificity of the Rab/
myosin complexes rather than myosin V motors. Thus,
Rab8a, Rab10, and Rab11a seem to define specific vesicular,
tubulovesicular, or tubular membrane domains. The dynam-
ics of these domains are regulated by the class V myosins, as
expression of the motor-deficient tail domains elicit promi-
nent alterations in their distribution. For example, previous

studies have suggested that
Rab27a is not present in the brain
(50–52), although a large amount
of myosin Va lacking exon F is
expressed in the brain (53, 54).
Brown et al. (55) have demon-
strated that both Rab8a and
Rab11a are critical to the proper
trafficking of glutamate receptors
in neurons, whereas Correia et al.
(22) have shown that myosin Va
and Rab11a co-purify with gluta-
mate receptors. Recently, yeast
Myo2p has been reported to inter-
act with the Rab11-related pro-
tein, Ypt32p (47), and mutations
that inhibit Myo2 interaction with
Ypt32p map to the globular tail
domain (48). These recent investi-
gations and the present results
clarify the likely role for an inter-
action of Rab11a and Rab8a with
myosin Va and possibly myosin Vb
in neuronal vesicle trafficking and
post-Golgi trafficking in yeast.
In summary, the results pre-

sented here demonstrate that iso-
forms of myosin V can interact
with Rab10 based on the presence
of an alternatively spliced exon
sequence. Previous investigations
and the present findings also dem-
onstrate that exon choice can
influence interactions of myosin V
motors with Rab8a, whereas alter-
nate exon usage has no influence
on interaction with Rab11a. These
results as well as previous studies
suggest that myosin V isoforms
and splice variants of those iso-
forms have differential distribu-
tions within tissues. Accordingly,
cell-specific expression may
account for the use of particular
pathways in various cells. Never-

theless, it is also clear that multiple forms of these myosin V
motors are simultaneously expressed in certain cells. Thus,
although cell-specific expression of myosin V species may
dictate some of their interactions with particular Rab pro-
teins, it remains possible that the myosin V motors are also
involved in the transfer of cargoes between steps along par-
ticular trafficking pathways. In this model, interactions of
specific myosin V motors with specific Rab proteins may
define zones of trafficking pathways as well as their distribu-
tion and complexity. Moreover, interactions with adapter
proteins or posttranslational modifications could regulate
the affinities of myosin V motors for particular Rab proteins.
All of this work further supports a model where class V myo-

FIGURE 6. Myosin Va and myosin Vb tails alter endogenous transferrin receptor (CD71) distribution.
A and B, HeLa cells transfected with EGFP-myosin Va tail �D or EGFP-myosin Va tail �D were stained for
endogenous transferrin receptor (CD71). Similar to Rab11a, CD71 co-localized with both splice isoforms of
myosin Va tail in scattered puncta. C and D, likewise, expression of EGFP-myosin Vb tail �D or EGFP-
myosin Vb tail �D caused endogenous CD71 to be recruited to the EGFP-labeled perinuclear cisterna.
Scale bars in all panels represent 10 �m. Percent co-localization (�S.E.) are listed in the merged images on
the right of each panel (n � 10).
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sins are multifunctional motors recruited by a variety of Rab
proteins to performmultiple tasks in a variety of distinct and
overlapping recycling systems.
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