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The striped bass has two retina-expressed class III myosin genes, each composed of a kinase,
motor, and tail domain. We report the cloning, sequence analysis, and expression patterns of the
long (Myo3A) and short (Myo3B) class III myosins, as well as cellular localization and biochemical
characterization of the long isoform, Myo3A. Myo3A (209 kDa) is expressed in the retina, brain,
testis, and sacculus, and Myo3B (155 kDa) is expressed in the retina, intestine, and testis. The tails
of these two isoforms contain two highly conserved domains, 3THDI and 3THDII. Whereas
Myo3B has three IQ motifs, Myo3A has nine IQ motifs, four in its neck and five in its tail domain.
Myo3A localizes to actin filament bundles of photoreceptors and is concentrated in the calycal
processes. An anti-Myo3A antibody decorates the actin cytoskeleton of rod inner/outer segments,
and this labeling is reduced by the presence of ATP. The ATP-sensitive actin association is a
feature characteristic of myosin motors. The numerous IQ motifs may play a structural or
signaling role in the Myo3A, and its localization to calycal processes indicates that this myosin
mediates a local function at this site in vertebrate photoreceptors.

INTRODUCTION

The asymmetrical shapes of the rods and cones of the ver-
tebrate retina are specialized to mediate photon detection
and signal transmission. At the distal ends are the outer
segments, which are composed of stacks of photopigment-
bearing membranous disks surrounded by the plasma mem-
brane. Progressively proximal to the outer segment are the
mitochondrion-packed ellipsoid, the endoplasmic reticu-
lum- and Golgi-rich myoid, the perinuclear region, the axon,
and the synapse. The outer segment is connected to the rest
of the cell by the narrow connecting cilium, through which
metabolic fuels and newly synthesized proteins are trans-
ported. Although they maintain highly specialized shapes,
photoreceptors are not static. Elaborately choreographed
morphogenetic movements establish the specialized shapes
of photoreceptors during development. Once formed, pho-

toreceptors undergo outer segment turnover throughout
life. This turnover is mediated by the daily addition of new
disks to the base of the outer segment and the shedding of
effete disks from the tip (Young, 1976). Disk addition re-
quires transport of newly synthesized materials from the
perinuclear and myoid regions to and through the connect-
ing cilium. More dramatic photoreceptor motility occurs
during retinomotor movements of lower vertebrates; light
onset induces cone myoids to contract and rod myoids to
elongate, whereas dark onset induces opposite movements
(Burnside, 1978).

Several observations suggest that the actin cytoskeleton
plays an important role in photoreceptor motile processes.
Photoreceptors are richly endowed with actin filaments de-
ployed in distinct populations and likely to reflect special-
ized functional roles. Filamentous actin is concentrated in
the distal connecting cilium of the outer segment (Chaitin et
al., 1984; Wolfrum and Schmitt, 2000) and throughout the
length of the ellipsoid, where it is laterally associated into
longitudinal bundles that extend into microvillus-like caly-
cal processes (CPs) that cup the base of the outer segment
(Nagle et al., 1986; Arikawa and Williams, 1991). Disruption
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of actin filaments in Xenopus photoreceptors by cytochalasin
led to the production of oversized outer-segment disks sev-
eral times the normal diameter, suggesting that actin fila-
ments are required for disk initiation but not for addition of
new membrane to disks already initiated (Williams et al.,
1988; Vaughan et al., 1989).

Actin-dependent motility may be generated by actin as-
sembly or the interaction of motor proteins with actin fila-
ments. To date, all motor proteins known to translocate
along actin filaments are members of the large myosin su-
perfamily (for review, see Berg et al., 2001). They are com-
posed of a conserved globular motor (or head) domain
containing the nucleotide- and actin-binding sites, a regula-
tory neck domain containing binding sites for calmodulin or
calmodulin-related light chains (IQ motifs), and a highly
variable subclass-specific C-terminal tail domain thought to
be responsible for cargo binding and/or targeting of the
molecule. The neck domain is considered to act as a lever
arm and is thought to be responsible for the primary me-
chanical component of the power stroke of myosins (Ray-
ment et al., 1993; Houdusse and Cohen, 1996; Highsmith,
1999).

The first myosin to be characterized was the bipolar fila-
ment–forming class II myosins of muscle and nonmuscle
cells. In contrast to these filament-forming myosins, at least
16 more classes of myosins have been reported from organ-
isms ranging from Dictyostilium discoidium to humans (for
recent reviews, see Barylko et al., 2000; Hodge and Cope,
2000; Reck-Peterson et al., 2000; Sellers, 2000). None of these
“unconventional” myosins appear to form bipolar filaments;
thus, they are generally thought to have structural or trans-
port rather than contractile functions.

Class III myosins were the third myosin class discovered
and are unique among myosins in having an N-terminal
kinase domain attached to the myosin head. The original
member of the class III myosins is NINAC of D. melanogaster.
NINAC is expressed exclusively in fly photoreceptors and
has been shown to play roles in photoreceptor maintenance
and phototransduction (Porter and Montell, 1993; Porter et
al., 1993b; Li et al., 1998). NINAC also associates with the
signalplex, a supramolecular signaling complex thought to
facilitate the rapid phototransduction cascade in Drosophila
(Montell, 1998).

A second class III member, MyoIIILim, isolated from the
horseshoe crab Limulus polyphemus, has also been shown to
be expressed exclusively in photoreceptors (Battelle et al.,
1998). The first vertebrate class III myosins were recently
cloned in our laboratory. We have reported the cloning of
two human class III myosins: MYO3A, cloned from the
human retina and retinal pigment epithelium (RPE) (Dosé
and Burnside, 2000), and MYO3B, cloned from the human
retina (Dosé and Burnside, 2000; Berg et al., 2001). It was
recently shown that human MYO3A is a target for nonsyn-
dromic progressive hearing loss (Walsh et al., 2002).

Our laboratory has cloned two class III isoforms from
retina of the striped bass (Morone saxatilis): Myo3A and
Myo3B. These were reported previously in meeting abstracts
(Hillman et al., 1996; Wong et al., 1998). Here, we present a
more detailed characterization of these two bass class III
myosins. We provide a sequence analysis of Myo3A and
Myo3B, compare them with all class III myosins cloned to
date, and examine their tissue expression patterns. We also

examine the subcellular localization and the actin- and calm-
odulin-binding properties of Myo3A.

MATERIALS AND METHODS

Animals
Striped bass, Morone saxatilis, were purchased from Chico Game
Fish Farm, Chico, CA, and were kept in circular constant-flow
indoor tanks containing chloramine-free tapwater at a constant
14:10 light/dark cycle. At 1–2 h before handling, artificial sea salt
was added to the tank at a 1:10 dilution, and 15–30 min before
handling, bass were treated with 3-aminobenzoic acid ethyl ester
(methanesulfonate salt, MS222; Sigma, St. Louis, MO) at 9.4 g/100
gal.

Tissue Dissections
Dark-adapted bass (1 h total darkness) were caught and killed in
total darkness and immediately dissected under low light. Light-
adapted bass were subjected to bright light (1 h), killed, and dis-
sected in light. Eyes were enucleated, hemisected, and immersed in
HBSS (Life Technologies/BRL, Gaithersburg, MD) supplemented
with 1 �M calpeptin (Calbiochem-Novobiochem, La Jolla, CA). Sim-
ilarly, the sacculus was dissected into HBSS/calpeptin. The retina,
RPE (dark-adapted) or retina/RPE combined (light-adapted), and
sacculus were removed and transferred into either RNA-STAT for
preparation of RNA, homogenization buffer, or fresh HBSS/calpep-
tin for shake-off preparation.

RNA Isolation and cDNA synthesis
RNA was collected from retina and RPE of dark-adapted bass. Total
RNA was extracted using RNA-STAT (TEL-TEST, Inc., Friends-
wood, TX), and m-RNA was purified using the PolyATract mRNA
isolation system (Promega, Madison, WI). Rapid amplification of
cDNA ends (RACE)–ready cDNA was synthesized from purified
mRNA using the Advantage cDNA synthesis kit (Clontech, Palo
Alto, CA).

Myo3A and 3B Cloning
A myosin PCR screen was performed on bass retina/RPE cDNA
using the degenerate myosin primers ATP-3 and EAF-A (Bement et
al., 1994) to amplify the myosins expressed in these tissues. The
resultant �150–base pair PCR products were subcloned, se-
quenced, and analyzed against GenBank, EMBL, DDBJ, and PDB
sequences using the BLAST Network Service of the National Center
for Biotechnology Information. Two closely related clones displayed
very little sequence similarity to previously identified myosins. The
first of these two clones, now called Myo3A, was amplified as four
RACE fragments using nested primers designed to amplify in both
the 5� and 3� directions originating from within the initial 150 base
pairs cloned (Hillman et al., 1996).

A 567–base pair fragment spanning the kinase/myosin junction
of the second clone, now called Myo3B, was amplified in a separate
experiment using two degenerate primers. The upstream primer
was directed against a conserved kinase motif GITAIE (GGNATH-
ACNGCNATHGA), and the downstream primer was directed
against a conserved motor domain motif NPPHIFAV (CNAC-
NGCRAANAYRTGNGGNGGRTT). It was recognized by sequence
comparison as one of the novel clones seen in the original PCR
screen described above. Six RACE reactions (one in the 5� direction
and five in the 3� direction) were performed to clone the cDNA
(abstract, Wong et al., 1998).
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Northern Blot Analysis
To compare mRNA levels in retina and RPE, 1.7 �g each of RPE
polyA RNA and retina polyA RNA were electrophoresed in 1%
agarose/formaldehyde gels (Sambrook et al., 1989). Multitissue
Northern blots were prepared with 4 �g of polyA RNA from
dark-adapted retina, light adapted retina/RPE, brain, heart, intes-
tine, kidney, liver, muscle, and testis. The polyA RNA was trans-
ferred to Hybond-N (Amersham Pharmacia Biotech, Piscataway,
NJ) by capillary action, and the membrane was prehybridized in
50% formamide, 2� Denhardt’s solution, 5� SSC, and 0.1 mg/ml
salmon sperm DNA overnight at 42°C and hybridized in the same
buffer with the 32P-labeled probes overnight at 42°C. Radioactive
labeling of probes was done using Prime-It RmT dCTP labeling
reactions (Stratagene, La Jolla, CA), and probes were added at 2 �
106 cpm/ml. Membranes were washed in 0.1% SDS/0.1� SSC at
42°C and autoradiographed using x-ray film with intensifying
screens at �80°C for up to 1 wk.

Tissue Homogenization and Sample Preparation
Dissected tissue was homogenized in a Teflon/glass motor-driven
homogenizer (Eberbach Corp., Ann Arbor, MI) at 180–200 rpm, 40
strokes in one of several buffers: buffer A, 50 mM Mops, pH 7.2, 1
mM EDTA, 1 mM EGTA, 160 mM KCl; buffer B, buffer A � 1 mM
dithiothreitol (DTT); buffer C, buffer A � 1 mM DTT and 10 mM
ATP; and buffer D, buffer A � 10 mM ATP in the presence of a
complex protease inhibitor cocktail (PI): 2 �g/�l aprotinin, 100 �M
leupeptin, 1 �M pepstatin, 1 �M calpeptin, 5 �M calpain inhibitor
III, 400 �M PMSF, 1 mM benzamidine, 2 mM phenanthroline, 10
�g/�l TAME, 200� protease and phosphatase inhibitor cocktail
(P8340, Sigma). The homogenate was subjected to centrifugation
(100,000 � g); the final supernatant is referred to as high-speed
supernatant.

Shake-offs
Shake-offs (isolated photoreceptor inner/outer segments) were pre-
pared by agitating dissected retinas in HBS � calpeptin, breaking off
rods and cones at the myoid region. These photoreceptor inner/
outer segments are collected by a low-speed centrifugation (1000 �
g, 20 min, 4°C) and can be either homogenized or further purified on
a Percoll step gradient as described (Pagh-Roehl and Burnside,
1995). All gradient purification steps were done in the presence of
the protease inhibitor cocktail described above.

Generation of Myosin IIIA Antibodies
Three antibodies were generated against bass Myo3A: a “head”
antibody raised against the motor domain (aa 260–669), a “tail”
antibody raised against the tail region beyond the last IQ motif (aa
1631–1832), and the “3THDII” (used throughout this study) anti-
body raised against the extreme C-terminal 22 amino acids. The
head and tail domains were expressed as histidine-tagged fusion
proteins and injected into rabbits for the production of polyclonal
antisera (antibody production was performed at Office of Labora-
tory Animal Care, University of California, Berkeley). The tail-tip
antibody was raised against and affinity-purified on the last 22
amino acids of the bass MYO3A (performed by Bethyl Laboratories,
Inc., Montgomery, TX). The epitope chosen for antibody production
is at the extreme C terminus (NPYDFRHLLRKTSQRRKLIKQY) in a
region almost identical to the human MYO3A tail tip (see Figure 3
for sequence comparison). Currently, an antibody raised against
Myo3B suggests that it is not expressed in the photoreceptors.

Western Blotting
Protein samples were subjected to electrophoresis on NuPAGE Tris
acetate gels (7%) (Invitrogen, Carlsbad, CA) and transferred to
Hybond N (Amersham Pharmacia Biotech) in NuPAGE transfer

buffer � 10% methanol and 0.05% SDS. The membrane was blocked
with 5% milk in PBS and incubated with 1:80,000 �-3THDII O/N in
3% BSA in PBS at 4°C or 1:5000 immunoaffinity-purified anti-tail
antibody. Membrane was washed for 1 h with six changes in PBS
and incubated with goat anti-rabbit antibody conjugated to horse-
radish peroxidase (Amersham Pharmacia) for 1 h at room temper-
ature in 3% BSA in PBS. The membrane was washed again for 1 h
with six changes of PBS and developed using enhanced chemilu-
minescence (Amersham Pharmacia).

Immunocytochemistry
Photoreceptor inner/outer segments were allowed to settle for 5
min on poly-l-lysine–subbed slides and coverslips. They were
methanol-fixed in �20°C methanol for 2 min, or paraformaldehyde-
fixed in 4% paraformaldehyde/PBS and incubated 40 min at room
temperature. After fixation, the slides and coverslips were rinsed
twice in PBS. Before immunolocalization, paraformaldehyde-fixed
cells were treated with 2% glycine/PBS for 2 min, PBS twice for 2
min, five changes of fresh 0.1 mg/ml sodium borohydride for 5 min,
twice with PBS for 2 min, 0.1% Triton-X-100 for 3 min, and twice
with PBS for 5 min. Immunolocalization was carried out according
to Hoang et al. (1999). Secondary antibodies were Alexa 488
(Myo3A) and Cy3 (tubulin) (Molecular Probes, Eugene, Oregon).
Phalloidin staining was performed by adding a 1:50 dilution of
Texas Red or Alexa 488 phalloidin (Molecular Probes) to the sec-
ondary antibody incubation.

Cells were observed with an inverted microscope (Carl Zeiss, Inc.,
Thornwood, NY) using a 63�/NA 1.4 objective. Images were ac-
quired with a cooled CCD camera (Hamamatsu Corp., Bridgewater,
NJ) controlled by Open Lab software (Improvision Inc., Lexington,
MA). To obtain images of photoreceptor immunofluorescence and
phalloidin staining, section series of 15–25 0.5-�m optical sections
were taken. The section series was deconvolved with Open Lab
software and merged. Stained photoreceptors were also visualized
with a Zeiss 510 Confocal microscope. The Myo3A staining pattern
was similar in both methanol- and paraformaldehyde-fixed cells;
however, the phalloidin did not label actin filaments in methanol-
fixed tissue.

Electron Microscopy
Grids were coated with a thin film of Formvar layered on water.
Then, 12–15 coated grids were collected on a coverslip and allowed
to air-dry. The grids were then coated with 0.01% poly-l-lysine for
5 min at room temperature and left to dry overnight at room
temperature. Freshly prepared ice-cold photoreceptor inner/outer
segments were allowed to settle on grids for 5–10 min. Cells were
permeabilized for 5–10 min with PHEM buffer (6 mM PIPES, 25 mM
HEPES, 8 mM EDTA, 2 mM MgCl2, 1 mM DTT, 20 �M taxol, 25
�g/ml phalloidin) containing 1% Triton X-100. Samples were incu-
bated for 1 hr in blocking buffer: PHEM buffer with 2% BSA and
30% normal goat serum (NGS), followed by a 1-hr incubation in
primary antibody diluted (1:200, Myo3A; 1:50, anti-actin) in work-
ing buffer (PHEM buffer supplemented with 2% BSA and 10%
NGS). The grids were washed three times with working buffer and
incubated for 30 min in 1:10 secondary goat anti-rabbit antibody
conjugated to 18-mm gold spheres (Jackson Immuno Research, West
Grove, PA). Finally, specimens were washed two times in working
buffer and once in distilled water, allowed to air-dry, and negative-
stained using 1% uranyl acetate.

Rod Inner/Outer Segment Cytoskeleton Extractions
Gradient-purified rod inner/outer segments (RIS/ROS) were col-
lected by centrifugation at 1000 � g for 20 min at 4°C and resus-
pended in buffer B with 1% Triton-X-100 and either 1 mM MgCl2, 1
mM MgATP, or 10 mM MgATP. After 10–20 min on ice, the samples
were centrifuged at 100,000 � g for 30 min at 4°C. The supernatant

A.C. Dosé et al.

Molecular Biology of the Cell1060



(cytosolic, peripheral, and membrane proteins) was collected, and
the insoluble pellet (cytoskeleton and associated proteins) was re-
suspended in an equal volume of lithium dodecyl sulfate (LDS)
sample buffer (Invitrogen). Samples were electrophoresed and an-
alyzed by Western blotting as described above.

Calmodulin Affinity Column
Cell extract was prepared from homogenized whole retinas as de-
scribed above. The high-speed supernatant containing the soluble
fraction from homogenized retinas was diluted to twice its original
volume in HBSS/PI and subjected to centrifugation in a Centricon
YM-30 (Millipore Corp., Bedford, MA.) with a 30,000 MW cutoff (as
described by Battelle et al., 1998) Once the retinal extract had been
reduced to its original volume, it was incubated for 1 h with gentle
rocking at 4°C with calmodulin-Sepharose 4B previously washed
three times in buffer D/PI (with or without Ca2�). The calcium-
containing buffer was generated by adding 2 mM CaCl2 to achieve
a calculated free Ca2� concentration of 17 �M (Bers et al., 1994).
After the binding step, beads were washed three times in buffer
D/PI and incubated with buffer D/PI (with or without Ca2�) for
1–4 h. The bead supernatant was removed, and electrophoresis
sample buffer was added directly to the beads to remove any bound
Myo3A. The beads were sonicated and pelleted by centrifugation,
and the solubilized sample was examined by SDS-PAGE. As a
negative control, the same incubations were done with Sepharose
beads alone.

RESULTS

Cloning and Characterization of Myo3A and Myo3B
We have previously reported in abstracts that two bass class
III myosin isoforms, Myo3A and Myo3B (Figure 1), had been
identified during a PCR-based myosin screen performed on
the retina and RPE of striped bass (Morone saxatilis) (Hillman
et al., 1996; Wong et al., 1998). The two myosins were cloned
using RACE and identified as class III myosins by virtue of
their N-terminal kinase domains. They are a long (Myo3A,
209 kDa) and a short (Myo3B, 155 kDa) isoform with kinase
domains that are 66% identical (78% similar), motor do-
mains that are 62% identical (75% similar), and tail domains
that are 33% identical (51% similar).

Figure 2 is an unrooted phylogenetic tree of all current
myosin classes I–XVIII. All six members of the class III
myosins, bass Myo3A and Myo3B, human MYO3A (Dosé
and Burnside, 2000) and MYO3B (Dosé and Burnside, 2002),

Drosophila NINAC (Montell and Rubin, 1988), and Limulus
MyoIIILIM (Battelle et al., 1998) are compared with one to
three representative members of all other myosin classes.
The comparison spans the motor domain region correspond-
ing to amino acids 88–780 of chicken muscle myosin (Gg II)
(Maita et al., 1991), similar to previously published myosin
trees (Cope et al., 1996; Hodge and Cope, 2000).

A clustal W alignment was performed (Figure 3) compar-
ing the predicted amino acid sequence of the bass, human,
fruit fly, and horseshoe crab class III myosins used in the tree
above. The alignment shows that amino acid sequence sim-
ilarities lie primarily in the kinase and motor domains and
that the tails of these class III myosins are quite divergent.
Two isoforms from the same species, bass Myo3A and
Myo3B, exhibit a 61% overall identity (75% conserved) to
each other in the kinase/motor domain and only 11% iden-
tity (16% conserved) in their neck and tail domains.

In the overall alignment of all the class III myosins, the
kinase and head domains considered together are 16% iden-
tical (31% conserved). The more closely related vertebrate
class III myosins are 57% identical (69% similar) in the
kinase/motor domains. Insertions occurring in the kinase
domains at amino acids 63–69 (in Myo3B) and amino acids
331–346 (in Myo3A) are unique to the bass class III myosins.
The two bass class III kinases are 55% identical (66% similar)
to MINK, but only in the �300 amino acids that constitute
the kinase catalytic core domain. Near the carboxy-terminal
end of the motor domains (945–959 of the consensus se-
quence), the bass myosin IIIs have insertions of different
lengths: 15 amino acids in Myo3A and 8 amino acids in
Myo3B relative to the human myosin IIIs. Another insertion
at position 1150–1178 of bass Myo3A effectively splits and
duplicates an IQ motif, introducing another IQ motif to the
neck of Myo3A compared with Myo3B. Both Myo3A and
Myo3B have a glutamic acid at the TEDS site (Bement and
Mooseker, 1995), suggesting they may be an active motor,
unlike NINAC, which breaks the TEDS rule.

Bass Myo3A has nine IQ motifs (putative calmodulin-
binding domains) distributed not only within the neck
(four), where IQ motifs are found in most myosins, but also
throughout the tail (five). Nine IQ motifs is more than have
been reported for any other myosin to date. The bass Myo3B
has only three IQ motifs; however, this is still more than

Figure 1. Bar diagrams. This is
an alignment of bar diagrams of
the two class III myosins cloned
in their entirety from Morone
saxatilis (striped bass): Myo3A
(meeting abstract: Hillman et al.,
1996), Myo3B (meeting abstract:
Wong et al., 1998). Amino acid
numbers are depicted below. The
kinase and motor core domains
are designated. Myo3A and
Myo3B contain nine and three
putative calmodulin-binding do-
mains consecutively, which are
numbered on the bar diagrams.
The two conserved class III tail
domains are indicated: 3THDI (or PED domain) and 3THDII (or NPYD domain). The lines above the bar diagrams are the regions
corresponding to probes for the Northern blots seen in Figure 4.
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other shorter class III myosins, such as the short splice
variant of NINAC (p132) (Montell and Rubin, 1988), MyoII-
ILIM (Battelle et al., 1998), and the human MYO3B (Dosé and
Burnside, 2002), which each have one or two IQ motifs. The
first four Myo3A IQ motifs and the three Myo3B IQ motifs
are evenly spaced, with a periodicity of 26 amino acids
between the first amino acids of the IQ motifs, except for the
aberrant 28 amino acids between IQ motifs 2 and 3 of
Myo3A. Such regularly spaced IQ motifs are a characteristic
of the neck domains of all known myosins (Houdusse et al.,
1996). Unlike the first four IQ motifs of Myo3A, the next five
are scattered throughout the rest of the tail domain. We
therefore categorize myosin III IQ motifs as either neck or tail
IQ motifs. The only other known myosin with IQ motifs
within its tail domain is the human class III myosin MYO3A
(Dosé and Burnside, 2000).

Sequence analysis suggests that the class III myosin tails are
not related to other proteins in the database, but the tail and

fourth neck IQ motifs are homologous with the previously
described GAP-43 module (Neel and Young, 1994). Also, a
higher than usual degree of sequence identity (�80%) is shared
by the IQ motifs of the tail. The central region in particular is
almost perfectly conserved and contains an invariant serine
after the glutamine. It is not known whether this site is phos-
phorylated, but in all five tail IQ motifs, it is within the context
predicted to be a serine phosphorylation site by NetPhos 2.0
(http://www.cbs.dtu.dk/services/NetPhos/). It is also inter-
esting that although acidic amino acid residues are rarely
found in IQ motifs, an acidic residue occurs in all the tail IQ
motifs after the FRGHK sequence.

An extensive search using the coils program (http://www.
ch.embnet.org/software/COILS form.html) under stringent
conditions identified a 36–amino acid region of Myo3A from
1540–1574 (between IQ motifs 8 and 9) predicted to have a
�80% probability of forming a coiled-coil (Lupas, 1996). The
predictive scans were made using both the MTK matrix (de-

Figure 2. Myosin family tree.
An unrooted phylogenetic tree of
myosins shows the relationship
of class III myosins to the overall
myosin family. A clustal-W align-
ment (http://www2.ebi.ac.uk/
clustalw/) was performed on the
class III myosins known to date
(Montell and Rubin, 1988; Hill-
man et al., 1996; Battelle et al.,
1998; Wong et al., 1998; Dosé et al.,
2000; J. Lin-Jones [Gg], L. Sohl-
berg [Dr], personal communica-
tions) and one to three represen-
tative myosins from each of 18
classes. Kimura’s correction was
used and possibly led to the very
long branches to DmIII and
CeXII. The motor domains corre-
sponding to residues 88–780 of
chicken muscle myosin (Gg II)
were compared using distance
matrix analysis performed with
clustal-W (http://bioweb.pasteur.
fr/seqanal/interfaces/clustalw-
simple.html), and the tree was
drawn using TREEVIEW (http://
taxonomy. zoology.gla.ac.uk/rod/
treeview. html), which was further
manipulated in Adobe Illustrator.
Ac, Acanthamoeba casellanii; Acl,
Acetabularia cliftonii; At, Aridop-
sis thaliana; Bt, Bos taurus; Ce,
Caenorhabditis elegans; Dd, Dic-
tyostelium discoidium; Dm, Dro-
sophila melanogaster; Dr, Danio
rerio; En, Emiricella nidulans; Gg,
Gallus gallus; Ha, Helianthis an-
nus; Hs, Homo sapiens; Lp, Li-
paris polyphemus; Mg, Magna-
porthe grisea; Mm, Mus musculus;
Ms, Morone saxatilis; Pf, Plasmo-
dium falciparum; Rn, Rattus nor-
vegicus; Tg, Toxoplasma gondii;

Zm, Zea maize; nm, nonmuscle. All accession numbers are available on the Myosin Home Page (http://www.mrc-lmb.cam.ac.uk/
myosin/trees/accession.html) except Hs MYO3A accession number NM017433, Hs MYO3B accession number NM138995, and Dr
Myo3A accession number AF384863.
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rived from the sequences of myosins, tropomyosins, and kera-
tins, intermediate filaments type I and II) and the MTIDK
matrix (derived from myosins, paramyosins, tropomyosins,
intermediate filaments types I–V, desmosomal proteins, and
kinesins). Scans were performed with weighted and un-
weighted matrices. In all cases, the differences in the probabil-
ity of forming a coiled-coil were �20%, and the predictions
were made using a 28-residue window. The prediction of a
coiled-coil domain in the tail of Myo3A remains tentative.
Although all criteria for coiled-coil structure are met as speci-
fied by the COILS program, the length of 36 residues is only
one amino acid above the nominal cutoff for false-positives.
Therefore, it remains to be empirically determined whether
this region indeed forms a coiled-coil that allows dimerization.

The least conserved regions in the class III myosins are the
tail domains; however, among the vertebrate class III tails,
there are some striking similarities near their C-termini. There
is a 58-amino-acid region that is 43% identical (57% similar)
among the vertebrate myosins. We have designated this region
the class III tail homology domain I (3THDI). An INTERPRO
search (Apweiler et al., 2000) indicates that this region does not
resemble any domain or motif currently in the database. At the
extreme C-terminus of the bass and the human class IIIA
myosins, there is another highly conserved domain that is 77%
identical (91% conserved). We have designated this region the
class IIIA tail homology domain II (3THDII).

Multiple PEST sequences in Myo3A suggest that this class III
myosin may have a short half-life in vivo (Rogers et al., 1986).
The PESTfind website at http://www.at.embnet.org/embnet/
tools/bio/PESTfind/identified six potential PEST sequences in
Myo3A, one at the kinase myosin junction aa 347–372 and five
(amino acids 714–723, 1207–1226, 1403–1423, 1482–1521, 1744–
1763) near the C terminus (in the tail domain), C-terminal
positioning being typical for PEST sequences (Barnes and
Gomes, 1995). Such regions contain at least one P, one E or D,
and one S or T. They are flanked by lysine (K), arginine (R), or
histidine (H) residues, but positively charged residues are dis-
allowed within the PEST sequence. The pest scores range from
8 to 24; the program designates scores of 5 to 50 as strong.
Aside from the six strong PEST sequences identified, the pro-
gram also identified seven weak PEST sequences with scores
from �5 to 5. In contrast, the shorter Myo3B contains no strong
PEST sequences and only three weak ones. The human IIIA is
predicted to have two strong PEST sequences (amino acids

1170–1184 and 1334–1348), which also occur in the tail domain,
and three weak sites, and the human IIIB has four weak PEST
sequences.

Northern Blot Analysis of Myo3A and 3B
Northern blot analysis was used to examine the expression
of Myo3A and 3B in bass retina, RPE, brain, heart, intestine,
kidney, liver, muscle, and testis (Figure 4)

Myo3A. Using a motor/tail domain probe (spanning aa
934-1203) (Figure 1), an �7-kb transcript is labeled in bass
retina, brain, and testis (Figure 4). No message was detected
in RPE. The level of transcription in the retina is at least
10–50 times higher than that seen in brain and testis.

Myo3B. Using a kinase/myosin junction probe (spanning aa
243–407) (Figure 1), an �4-kb transcript is labeled in bass

Figure 3 (cont). Amino acid sequence alignment of class III myosins. Boxshade output of a clustal W alignment (Young, 1976) of fish
MyoIIIA (designated FMIIIA) and Myo3B (FMIIIB), human MYO3A (HMIIIA), human MYO3B (HMIIIB), Drosophila NINAC (DMIII), and
Limulus MyoIIILim (LMIII). Black boxes indicate amino acid identity, and gray boxes indicate conserved amino acids. A dot (.) below the
alignment indicates conserved amino acids, and an asterisk (*) indicates amino acids that are identical throughout all six class III myosins.
The amino acid numbering for the individual sequences are at the left, and the boldfaced numbers above the sequences are for the overall
alignment. The junctions between the kinase, head, neck, and tail domains are indicated. Overscored are the ATP-binding site within the
kinase (ATP binding); the STE20 family signature motif (SSM); the two conserved ATP-binding regions at the myosin nucleotide binding cleft
(NBC-1, or P-loop, and NBC-2); the region implicated in actin binding. The IQ motifs are italicized, and the two vertebrate class III myosin
tail homology domains (3THDI and 3THDII) are indicated. Amino acid insertions are indicated (∧∧∧ ) above the sequence.

Figure 4. Expression patterns of Myo3A and Myo3B. Two DNA
probes were generated for Northern blots: 3A, motor/tail, corre-
sponding to amino acids 934-1203 of bass Myo3A, and 3B, kinase/
motor, corresponding to amino acids 243–407 of bass Myo3B; these
regions are designated on the bar diagrams in Figure 1. (B) Northern
blot: 1.7 �g/lane of dark-adapted retina and RPE mRNA (left) and
4 �g/lane of light-adapted retina/RPE, brain, heart, intestine, kid-
ney, liver, muscle, and testis (right) were probed with Myo3A- and
Myo3B-specific probes. Myo3A is expressed at high levels in the
retina and at lower levels in the brain and testis. Myo3B is expressed
at more similar levels in the retina, intestine, and testis. Despite
evidence of Myo3A expression in RPE by Western blot and immu-
nohistochemistry, the Myo3A transcript is below detection levels on
our Northern blot.
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retina, intestine, and testis (Figure 4). The transcription lev-
els of Myo3B among tissues tested differ from those seen for
3A in that the 3B levels in retina are similar to the levels in
testis and approximately twice that seen in intestine.

Western Blot Analysis of Myo3A
Western blot analysis shows that antibodies to Myo3A label
a single band in homogenates of retina, RPE, detached pho-
toreceptor inner-outer segments, and the sacculus of the
inner ear (Figure 5). An antibody raised against the highly
conserved extreme C-terminal 22 amino acids of Myo3A
(which exhibits 77% identity to the human MYO3A) was
used to label immunoblotted protein samples from the dark-
adapted bass eyes. When isolated, dark-adapted bass retinas
are agitated in HBSS, both rods and cones break off at the
constricted myoid region, thus generating a suspension of
photoreceptor inner/outer segments. The antibody labels a
single band at �210 kDa in the RPE, the retina, the suspen-
sion of photoreceptor inner/outer segments, and the saccu-
lus (Figure 5, left). The size of the immunolabeled band is in
consistent agreement with the predicted molecular weight of
209 kDa for bass Myo3A. The results show that the level of
Myo3A is �10-fold higher in retina (Figure 5, lane 2) than in
RPE (Figure 5, lane 1) or the sacculus (Figure 5, lane 5) and

is also enriched at least twofold in a crude shake-off prepa-
ration of photoreceptor inner/outer segments (Figure 5, lane
3). In addition, a secondary antibody raised against a his-
tagged tail fusion protein expressing amino acids 1612–1832
of Myo3A also labeled a single 210-kDa band (Figure 5, lane
6). A third antibody generated against the entire motor
domain also labeled a 210-kDa band but also labeled multi-
ple other bands in the same sample, suggesting cross-reac-
tivity with other myosins.

Immunolocalization of Myo3A in Retinal Sections
The localization of Myo3A in bass retina was determined
from 8- to 10-�m cryosections of dark-adapted bass retina
fixed in methanol and immunolabeled with the Myo3A tail-
tip antibody (Figure 6). Myo3A labeling of photoreceptors is
concentrated in the distal ends of both rod ellipsoids (Figure
6a, arrows) and cone ellipsoids (ce) (red). The specificity of
the Myo3A antibody is confirmed by the elimination of
epitope recognition in the presence of excess peptide (Figure
6b).

Colocalization of Myo3A and Actin Filaments in
Cone Photoreceptors
Isolated inner-outer segments of photoreceptors were la-
beled with both phalloidin and the anti-Myo3A THDII an-
tibody to ascertain the location of Myo3A in both rods and
cones. Figure 7 shows cone inner/outer segments isolated
from dark-adapted bass retinas and double-labeled with the
Myo3A antibody (Figure 7a, red) and phalloidin (Figure 7b,
green); the superimposed image is shown in Figure 7c. Phal-
loidin (Figure 7, b and c, green) labels actin filament bundles

Figure 5. Western blot of Myo3A to determine relative protein
levels in the retina and RPE and sacculus. Retina and RPE were
dissected separately from dark-adapted bass as well as the sacculus:
9.4 �g of homogenized RPE (lane 1), retina (lane 2), and photore-
ceptor inner/outer segments (shake-offs) (lane 3) were loaded, and
for comparison, 0.02 �g of Myo3A tail fusion protein (lane 4) was
included. Also included are �10 �g of homogenized sacculus (lane
5). An antibody raised against a Myo3A tail-fusion protein also
labels the �200-kDa band (�-tfp, lane 6). The RPE contains signifi-
cantly less Myo3A than the retina, as does the sacculus (�1/10th as
determined by NIH Image), and the Myo3A is enriched in the
sample containing photoreceptor inner/outer segments (shake-offs,
greater than twofold increase in amount of Myo3A).

Figure 6. Myo3A immunolabeling of bass retinal tissue sections.
Cryosections (8–10 �m) of dark-adapted bass retina were fixed in
methanol and immunolabeled. Shown here are the Myo3A labeling
(a), Myo3A labeling in the presence of 100-fold molar excess tail-tip
peptide (b), and the DIC image (c). Label is concentrated in the
distal ellipsoids of both rod and cone photoreceptors, and the spec-
ificity of the Myo3A antibody is confirmed by the elimination of
epitope recognition in the presence of excess peptide. Cone ellip-
soids (ce) and rod ellipsoids are designated by arrows. PL, photo-
receptor layer; OLM, outer limiting membrane; ONL, outer nuclear
layer. Scale bar, 10 �m.
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extending the entire length of the ellipsoid and into the CPs
at the inner-segment/outer-segment junction (white arrow).
Myo3A labeling (Figure 7a, red; Figure 7c, yellow) colocal-
izes with the actin bundles in the CPs and the distal end of
the ellipsoid but does not colocalize with actin bundles in
the proximal ellipsoid. Thus, Myo3A is not generally colo-
calizing with actin but is specifically localized to bundles in
the CPs and the distal ellipsoid.

Localization of Myo3A and Tubulin in Rod
Photoreceptors
Myo3A also localizes to the CPs and distal ellipsoid in rod
photoreceptors. Figure 8 shows isolated RIS/ROS double-
labeled with anti-Myo3A 3THDII antibody (Texas Red sec-
ondary) and a monoclonal �-tubulin antibody (Alexa 488
secondary). Tubulin staining (green) is abundant in the my-
oid and peripheral ellipsoid and in the delicate axoneme of
the outer segment. Consistent with the known absence of
microtubules from the CPs, the bright tubulin inner segment
staining stops short of the inner-segment/outer-segment

junction (Figure 8, a and b). Myo3A antibody labels the inner
segment distal to the microtubule staining. Superimposition
of the double-labeled image over the DIC image of the
RIS/ROS shows that the Myo3A labeling is at the inner-
segment/outer-segment junction, indicating that in rods, as
in cones, Myo3A is selectively localized in the CPs and the
distal ellipsoid.

Myo3A Is Associated with the Cytoskeleton in an
ATP-Dependent Manner
The actin-binding domain of the myosin head binds to actin
in an ATP-dependent manner. To investigate whether
Myo3A associates with the ellipsoid actin bundles by this
mechanism, we examined the partitioning behavior of
Myo3A with regard to a purified cytoskeletal fraction of
RIS/ROS. We prepared RIS/ROS cytoskeletons by purifying
the RIS/ROS on discontinuous-density gradients and ex-
tracting them with Triton-X-100 to remove all detergent-
soluble components (Pagh-Roehl et al., 1995). The Tx-100
insoluble cytoskeleton was collected by centrifugation in the
presence and absence of ATP and probed for with the anti-
body against Myo3A. In the absence of ATP, the Myo3A is
associated with the pelleted cytoskeleton (Figure 9, lanes 1
and 2); in the presence of 1 mM MgATP, however, much of
the Myo3A is released from the pellet and is seen in the
soluble extraction supernatant (Figure 9, lanes 5 and 6).
Increasing the MgATP concentration to 10 mM enhances this
release effect (Figure 9, lanes 7 and 8). As a control, 1 mM
Mg2� was also tested and did not affect the localization of
Myo3A with the cytoskeletal fraction (Figure 9, lanes 3 and 4).

We also examined ATP-dependent association of Myo3A
with the RIS/ROS actin cytoskeleton using immunoelectron
microscopy (Figure 10). Triton X-100 extraction of isolated
RIS/ROS in the presence of the cytoskeletal filament–stabi-
lizing agents phalloidin and taxol leaves behind the intact
cytoskeletal “cage” of actin filament bundles and cytoplas-
mic microtubules. These isolated cytoskeletons retain the
shape of the inner segment ellipsoid and myoid as well as
preserving the ciliary axoneme and basal bodies (Pagh-
Roehl et al., 1992).

Figure 7. Colocalization of Myo3A and actin in the distal ellipsoid
microfilament bundles and CPs of cone photoreceptors. Isolated
cone photoreceptor inner/outer segments from dark-adapted bass
retinas fixed in 4% paraformaldehyde were double-labeled with
anti-Myo3A (a, red) and actin-labeling Alexa 488-phalloidin (b,
green). The filamentous nature of the Myo3A staining coincides
with the actin filament bundles of the inner segment and CPs at the
outer-segment base, and the colocalization is seen as yellow in
image overlays (c); (d) DIC image. The white arrows indicate the
inner-segment/outer-segment junction. Scale bar, 10 �m.

Figure 8. Isolated rod photoreceptors double-labeled with Myo3A
and anti-tubulin antibody. RIS/ROS were isolated from dark-
adapted green sunfish retinas, fixed in methanol, and double-la-
beled with the Myo3A antibody (a, red), and anti-tubulin (a, green).
An overlay with the DIC image (b, red) demonstrates that the
Myo3A antibody labels the inner segment distal to the microtu-
bules, suggesting that it is labeling primarily CPs. Scale bar, 2 �m.
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An anti-Myo3A antibody labels specifically the distal ends
of the actin filament bundles; it does not label the actin-rich
myoid region or the microtubules of the inner segment or
axoneme (Figure 10A). When 10 mM ATP is present during
the Triton X-100 extraction, anti-Myo3A labeling of the re-
sultant cytoskeletons is substantially reduced; the number of
gold particles associated with the actin filaments is reduced
by 85% (eight cytoskeletons examined) (Figure 10B). Gold
labeling in the absence of primary antibody is low (Figure
10C). Anti-actin antibodies also specifically label the actin
filament bundles in rod cytoskeletons (Dosé, A.C., and
Parker, E., data not shown). This control indicated that un-
like the Myo3A antibodies, actin antibodies label all parts of
the actin cytoskeleton, including the myoid region.

Calmodulin-Binding Properties of Myo3A
Myo3A contains nine IQ motifs. Because the IQ motifs of
other myosins have been shown to bind calmodulin in the
absence of Ca2�, we sought to characterize the calmodulin-
binding properties of Myo3A from retinal extracts in the

presence and absence of Ca2�. Retina/RPE extracts were
prepared in the presence of ATP and therefore contain sol-
uble Myo3A (Figure 11, left, lane 1). Our results show that
Myo3A can bind to calmodulin in the presence and absence
of Ca2�. After a 1-hour incubation with calmodulin-Sepha-
rose beads, Myo3A binds to the beads in the absence (Figure
11, left, lane 3) and presence (Figure 11, left, lane 5) of 17 �M
free Ca2�. Lanes 2 (�Ca2�) and 4 (�Ca2�) are the unbound
fractions containing Myo3A. More Myo3A is present in the
unbound fraction when calcium is present, and these obser-
vations are reproducible, suggesting that Myo3A has a
higher affinity for calmodulin in the absence of Ca2�. As a
negative control, Myo3A was also incubated with Sepharose
beads without calmodulin, and the majority of the Myo3a
remained in solution (Figure 11, lanes 6 and 7).

DISCUSSION

To examine the role of class III myosins in photoreceptors,
we cloned several class III myosins and used sequence com-
parisons to identify conserved domains that might have
functional significance. We also sought functional clues by
examining tissue expression patterns, subcellular location,
and actin- and calmodulin-binding properties.

Class III Myosins
Class III myosins are widely expressed in vertebrates and
invertebrates. Short and long forms are expressed in all
species so far examined except Limulus. In Drosophila, short
and long forms are generated by alternative splicing of a
single gene, whereas different genes code the two forms of
vertebrates. Long and short isoforms of class III myosins
have been cloned from bass (meeting abstracts: Hillman et
al., 1996; Wong et al., 1998), human (Dosé and Burnside,
2000, 2002; Berg et al., 2001), and zebrafish (L. Sohlberg,
unpublished results). A clustal W phylogenetic tree places
all known class III myosins on their own branch, but the
vertebrate class III myosins are more closely related to each
other than either of the invertebrate class III myosins.

The kinase moieties of the class III myosins are members
of the germinal center kinase subfamily of the Ste20 group
kinases (Sells and Chernoff, 1997; Dan et al., 2000). These
kinase/myosin chimeras now constitute their own germinal
center kinase subfamily VII (Dan et al., 2000). The kinase
domains of Myo3A and 3B most closely resemble Misshap-
en/NIKs-related kinase (MINK), which has been shown to
activate the cJun N-terminal kinase and p38 pathways (Dan
et al., 2000). NINAC has been shown to be a functional
serine/threonine kinase (Ng et al., 1996).

Among myosins, the motor domain is the most highly
conserved region, presumably constrained by the require-
ments for binding to actin filaments and translocating in an
ATP-dependent manner. Motor activity has not been dem-
onstrated for NINAC, with a somewhat divergent P-loop
sequence (Montell and Rubin, 1988), giving rise to the ques-
tion of whether it is a functional motor. The vertebrate class
III myosins have more canonical P-loop sequences (seen in
the alignment of the NBC-1 in Figure 2), consistent with
their being functional motors.

Both vertebrate and Drosophila class III myosins bind to
F-actin in an ATP-sensitive manner (Hicks and Williams,
1994). Our biochemical and electron microscope studies re-

Figure 9. Triton X-100 extractions of RIS/ROS in the presence and
absence of ATP. Top (Myo3A): In the absence of ATP (control) and
in the presence of Mg2� (1 mM Mg2�), all of the Myo3A associated
with the pelleted cytoskeleton (P) and Myo3A was essentially ab-
sent from the Triton-solubilized fraction (S). In the presence of 1 mM
ATP, some of the Myo3A was released from the cytoskeleton, and in
the presence of 10 mM ATP, most of the Myo3A partitions with the
supernatant, having been released from the cytoskeleton. Middle
(actin): An anti-actin antibody demonstrates that in all cases, actin
pellets with the Triton-insoluble fraction (P). Lower (total protein):
A Coomassie blue stain shows that the majority of proteins are
solubilized in Triton X-100 (S). Only the cytoskeleton and associated
proteins are present in the pellet (P).
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ported here showed that the amount of bass Myo3A associ-
ated with isolated photoreceptor inner-segment cytoskel-
etons was reduced by incubation with ATP. A low affinity
for actin in the presence of MgATP has been considered a
defining characteristic for myosins, but higher affinities have
been associated with processive motors (Mehta et al., 1999).

The neck domain is traditionally defined as the �-helical
region that binds essential and regulatory light chains, in-
cluding calmodulin. Bass Myo3A has four IQ motifs in its
neck domain and is unusual in having five additional IQ
motifs in its tail domain. The sequence of the last six Myo3A
IQ motifs more closely resemble those of GAP-43 (neuro-
modulin) than the first three myosin neck IQ motifs. GAP-43
(neuromodulin) is a leading candidate for a calmodulin
“storage” protein (Toutenhoofd and Strehler, 2000) that may
be pertinent to the function of Myo3A.

Like other unconventional myosins, Myo3A binds cal-
modulin in the absence of calcium. Addition of calcium did
not release Myo3A from calmodulin-Sepharose, but the
presence of calcium during the incubation reduced the
amount of Myo3A bound to calmodulin. Similar studies of
myosin I and myosin V have shown that elevated Ca2�

results in partial loss of calmodulin binding (Collins et al.,
1990; Nascimento et al., 1996); in addition, calmodulin was
not dissociated from myosin VI at high Ca2� (Yoshimura et
al., 2001). It should be pointed out that binding to calmod-
ulin on a column does not necessarily identify calmodulin as
the relevant light chain for Myo3A in vivo. However, in a
yeast two-hybrid experiment, the tail of Myo3A used as bait
identified only calmodulin as an interactor from a bass ret-
inal cDNA library (Erickson, F.L., unpublished results).

Among the class III myosins, the most divergent regions
are the tails; however, two conserved domains were identi-
fied in vertebrate class III tails. The 3THDI occurs in all
vertebrate class III myosins sequenced thus far, and the

3THDII is a domain seen only in the longer class IIIA myo-
sins. An antibody raised against 3THDII cross-reacts with
many species, including chick, rabbit, and rat (Dosé, A.C.,
unpublished results). The tail of the Drosophila class III my-
osin NINAC interacts with INAD to make it part of the
signalplex involved in termination of the phototransduction
cascade (Wes et al., 1999).

Expression Patterns and Cellular Localization
Myo3A and Myo3B are expressed in retina, Myo3A at al-
most 10 times its expression level in brain and testis and
Myo3B at twofold to fourfold higher levels than in the testis
and intestine. The invertebrate class III myosins NINAC and
MYOIIILim are each expressed specifically in retinal photo-
receptors (Montell and Rubin, 1988; Battelle et al., 1998).
Retina-enhanced expression was also seen for human
MYO3A (Dosé and Burnside, 2000) and MYO3B (Dosé and
Burnside, 2002).

The Myo3A transcript was below detectable levels in RPE
on Northern blots. Although Myo3A was detected in West-
ern blots of bass RPE, the finding is inconclusive, because
dark-adapted RPE is often contaminated with attached pho-
toreceptor inner/outer segments. Preparations enriched for
photoreceptor inner/outer segments (shake-offs) were two-
fold enriched for Myo3A over retina, consistent with the
immunohistochemical observation that retinal Myo3A is lo-
calized almost exclusively to photoreceptor inner segments.
Myo3A was also detected in the bass sacculus on Western
blots, confirming in situ hybridization results in fetal mouse
cochlea (Walsh et al., 2002). We have also used RT-PCR to
amplify MYO3A from a human fetal cochlear library (Dosé,
A.C., unpublished results).

Isolated photoreceptor inner/outer segments double-la-
beled with Myo3A antibody and phalloidin showed Myo3A

Figure 10. Electron micrographs of rod photoreceptor inner/outer-segment cytoskeletons. The detergent-insoluble fraction of isolated
RIS/ROS was isolated and visualized by negative staining. Immunolabeling with an anti-Myo3A antibody abundantly decorates the actin
filament bundles, indicating the presence of Myo3A along these filaments (A). The addition of ATP significantly reduces the Myo3A labeling,
indicating the release of Myo3A from the actin filament bundles (B). The negative control with no primary shows little labeling (C). Scale bar,
1 �m.
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colocalizing with the distal portions of ellipsoid actin fila-
ment bundles. This polarized localization suggests that the
actin interaction is not mediated solely by actin binding. A
similar labeling pattern was seen in isolated inner segment
cytoskeletons, suggesting relatively robust Myo3A associa-
tion with the actin bundles. Some but not all of this labeling
was lost when cytoskeletons were incubated with ATP, sug-
gesting that binding via the ATP-sensitive actin binding site
in the myosin motor domain accounts for some of the
binding.

Possible Roles for Myo3A in Photoreceptors
The specific localization of Myo3A to the distal inner seg-
ment and CPs suggests that its role may involve CP func-
tion. Although CPs were first described almost 40 years ago,
their function in vertebrate photoreceptors is still unknown
(Brown et al., 1963; Cohen, 1963). Found in almost all verte-
brate photoreceptors, CPs are microvillus-like extensions of
the inner segment (Borwein, 1981). The core actin filaments
of the CPs, with their plus ends distal (Burnside, 1978),
originate in the ellipsoid, where they course through the
peripheral cytoplasm (Borwein, 1983; Del Priore et al., 1987).
The localization of these actin filament bundles suggests that
they have a structural role in the inner segment or a role in
transport through the inner segment.

It is possible that Myo3A plays a structural role in the CPs,
as proposed for brush border myosin-I (Myo1A), which is
arranged in spiral tethers that link the microvillar plasma

membrane to the actin core filaments (for review, see
Mooseker et al., 1991; Coluccio, 1997). There are notable
characteristics in common between CPs and the microvilli of
intestinal epithelial cells. Both microvilli and CPs contain
actin filament bundles with their plus ends distal (Mooseker,
1985; Troutt and Burnside, 1988), and both contain the actin-
associated protein fimbrin (Höfer and Drenckhahn, 1993). In
the brush border membrane, fimbrin is linked to the lateral
plasma membrane by myosin I, which is not present in the
CPs (Höfer and Drenckhahn, 1993), and it is possible that
myosin III plays a role similar to that of myosin I in cross-
linking in photoreceptor CPs.

If myosin III plays a structural role linking the actin bun-
dles to the CP membrane, then some sort of interaction
between the III tail and the membrane must exist. Evidence
exists for both a microvillar “docking” protein for myosin I
and direct interaction of myosin I with phospholipids (for
review, see Mooseker et al., 1991). The existence of two
highly conserved domains in the tails of class III myosins
suggests some sort of binding domain, and studies are un-
der way in our laboratory to identify such interactors. The
tail of NINAC binds to the PDZ protein INAD (part of the
signalplex), and the tail was sufficient for rhabdomeral lo-
calization when fused to �-galactosidase (Wes et al., 1999).
The highly conserved regions in the vertebrate tail suggest
that they may be critical to their function.

The long NINAC isoform (p174) is expressed in the rhab-
domeres, which are functionally analogous to vertebrate
outer segments, and the vertebrate myosin III is expressed in
the inner segment (CPs). Rhabdomeres, however, are com-
posed of microvilli like the CPs in which Myo3A is localized,
and the functions of these two myosins in these similar
structures could be the same. The shorter isoform, p132,
which localizes to the photoreceptor cell body is not critical,
because its deletion did not have an electrophysiological
effect or cause retinal degeneration (Porter et al., 1992).

The orientation of the actin filament bundles suggests that
Myo3A is a plus-end–directed motor that transports its ki-
nase activity and numerous calmodulins to the CPs. A sim-
ilar calmodulin transporter role has been suggested for NI-
NAC (Porter et al., 1993a). Myo3A may create a local store of
calmodulin that is released in response to changes in cal-
cium concentration or to other signals, such as phosphory-
lation. A localized calmodulin release would facilitate its
diffusion to the outer segment on release, where it has been
shown to play an important role in the modulation of the
plasma membrane cGMP-gated channel (Hsu and Molday,
1993). It is also possible that Myo3A is not a functional motor
but binds and releases actin in an ATP-sensitive manner, or
it could localize to the CPs by diffusion, directed there by its
tail domain (as seen for myosin I; Tyska and Mooseker,
2002), and once bound, it could exert tension on the CP actin
core. Other proteins have been shown to localize to the CPs
and may be transported there by Myo3A. Arrestin and the
calcium chelation–sensitive ankle-link antigen were local-
ized to the CPs (Mangini and Pepperberg, 1988; Goodyear
and Richardson, 1998), and there is brief mention of
Na�,K�-ATPase localization in CPs (Spencer et al., 1988) and
a cGMP binding site (Caretta and Saibil, 1989). The cytoskel-
etal-associated protein Rab8 has also been shown to localize
to CPs (Deretic et al., 1995), and a similar labeling pattern
was seen for vitronectin receptor (Anderson et al., 1995). The

Figure 11. Calmodulin affinity purification of bass Myo3A. The
soluble protein fraction of light-adapted retina/RPE homogenate
(lane 1) was tested for its ability to bind calmodulin. Like other
myosins, bass Myo3A binds to calmodulin in the absence of calcium
(lane 3). Having 17 �M calcium present during the incubation of
calmodulin-Sepharose beads with retina/RPE extract may reduce
the amount of Myo3A that binds to the calmodulin-Sepharose, but
in general, the binding seems rather insensitive to calcium (lane 5).
Under both conditions, a fraction of Myo3A does not bind calmod-
ulin and remains in solution (lanes 2 and 4). When incubated with
Sepharose beads alone, the majority of Myo3A remains in solution
(lanes 6 and 7).
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actin-filament cross-linking protein fimbrin is associated
with the actin filament bundles of CPs and the ellipsoid
(Höfer and Drenckhahn, 1993).

Once at the tip of CPs, a plus-end–directed motor would
have no obvious exit. Myo3A could possibly move down the
CPs passively with retrograde flow of actin bundles, as has
been proposed for the translocation of myosin X on the actin
filament bundles of filopodia (Berg and Cheney, 2002).
Myo3A may ultimately be degraded in the CPs, as sug-
gested by the high number of PEST sequences, a character-
istic of proteins with short half-lives of �5 h (Rechsteiner,
1989). This scenario is consistent with the robust mRNA
levels of Myo3A but low protein levels in retina. That the
protein is easily degraded is further suggested by the exten-
sive protease inhibitor cocktail necessary to purify it intact.

The expression of Myo3A in the inner ear is not surpris-
ing, because many other myosins are expressed in these
highly specialized actin-rich organs (Hasson et al., 1997;
Redowicz, 1999). Mutations in MYO3A cause a nonsyn-
dromic hearing loss without affecting vision (Walsh et al.,
2002); however, it is possible that other mutations in the
gene may cause both hearing loss and vision defects analo-
gous to the defects seen in patients with different mutations
in myosin VII (Petit, 2001).

The specific subcellular localization of Myo3A suggests
that it plays some local role in the CPs; however, the func-
tion of CPs is not currently understood. The ATP-sensitive
association of Myo3A with the photoreceptor actin cytoskel-
eton and its localization to the plus ends of inner segment
actin bundles suggest that it is a functional motor that con-
tributes to its own subcellular localization by walking along
the ellipsoid bundles toward the CPs. By this translocation,
it simultaneously delivers its own kinase and up to nine
calmodulins to the CPs. Other cargoes may also be trans-
ported by associating with the Myo3A tail domain. It is not
yet clear whether the role of Myo3A is primarily in trans-
port, structural reinforcement, signaling, or some combina-
tion of these functions.
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