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Abstract. The myosin-V family is the most extensively organelle transport in all higher eukaryotes. Possible
studied of the unconventional myosin families. Most cargoes for myosin-V range from melanosomes and

synaptic vesicles in mammals to vacuoles and messengerorganisms examined have at least one member of the
myosin-V family; many have multiple members. The wide RNA in yeast. In this review, we discuss the current state
range of species in which myosin-V has been identified of research on the cellular function of myosin-V as des-
suggests that myosin-V is a fundamental component of cribed by the actions of the head, neck and tail domains.
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History of the myosin-V family

The myosin-V family is a class that differs structurally
from other myosins by an extended neck domain and a
tail domain that allows dimerization, but not the forma-
tion of filaments due to the presence of a globular
carboxy-terminus (fig. 1). Members of the myosin-V
family have been identified in humans, mice, chickens,
flies, worms, yeast and plants (table 1). The complete
sequence of the genome of Saccharomyces cere6isiae
shows that eukaryotes only need two myosin-Vs, along
with two myosin-Is and one myosin-II.
An evolutionary tree (fig. 2) suggests that the myosin-V
family diverged from other myosins prior to the diver-
gence of yeast and mammals [1]. Phylogenetic analyses
[1–3] have identified likely orthologs and homologs.
Members that are definite orthologs are Myo5a
(murine) and MYO5a (human). The p190 myosin from
chicken is a likely ortholog of Myo5a and MYO5a as
shown graphically in figure 2. The relationships between
members need to be considered when extrapolating the
results with one family member to the other members.
The relevance of experiments on one member to the
other members depends on their relatedness.
Investigators in the field have been reorganizing the
nomenclature to provide a consensus on the names for
the loci, the alleles and the gene products. In the follow-

ing section, the historical names are presented for conti-
nuity from isolation to the individual studies on
myosin-V function. The modern nomenclature has been
used throughout the rest of the text.
The classical coat-color locus dilute (denoted originally
by the single letter d, now Myo5a) was first identified
and propagated by mouse fanciers at the turn of the
century [4, 5] and encodes a member of the myosin-V
family on chromosome 9. The chromosomal alteration
in the mutant allele in common strains (Myo5ad) was
found to be the ectopic insertion of a murine leukemia
provirus, Em6-3. The presence of the provirus allowed
the cloning of flanking genomic regions [6], and subse-
quently Myo5a complementary DNAs (cDNAs) [7].
The mutations in a number of alleles of Myo5a have
been molecularly characterized to regions in both the
head and tail domains [8, 9].
The second mammalian member of the myosin-V fam-
ily, myr 6 (myosin from r6 at, clone c66 , now Myo5b),
was identified by degenerate polymerase chain reaction
(PCR) from rat brain stem cDNA [10]. Comparison of
the Myo5b sequence with that of Myo5a shows 77%
similarity in the head domain and 78% similarity over-
all. Further demonstration that Myo5b is distinct from
Myo5a comes from genetic mapping data placing
Myo5b on chromosome 18 at Mouse Genome Database
position 48 [10].
The cloning of Myo5b has shed light on a troubling
sequence in the data base for a putative murine glu-* Corresponding author.
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tamic acid decarboxylase (GAD) [11, 12]. Initial data-
base searches with Myo5a and chicken myosin-V se-
quences identified this GAD as having similarities with
the tail domains of these myosins. Characterization of
the mouse homolog of Myo5b, using PCR, demon-
strated that the putative GAD was a fusion of a short 5%
sequence and the tail of Myo5b [10]. No loss in GAD
activity in Myo5ad-l null mutants has been detected [J.
A. Mercer, unpublished results], and no GAD activity
copurified with chicken myosin-V [13].
The human homolog of Myo5a, MYO5a (originally
myoxin or MYH12), was cloned serendipitously during
the screening of a human brain cDNA expression li-
brary with an anti-Ras antibody [14, 15]. MYO5a was
mapped to human chromosome 15 using a somatic cell
hybrid panel. Since this region of human chromosome
15 is syntenic with the central region of mouse chromo-
some 9, which contains the Myo5a locus, MYO5a and
Myo5a are almost certainly homologs (also see fig. 1).
Mutations in the MYO5a locus have been observed in
cases of Griscelli disease [16].
A large number of temperature-sensitive mutants have
been made in S. cere6isiae that are deficient in cellular
processes. One cell-cycle mutant selected by size frac-

Table 1. Members of the myosin-V family.

Locus a.k.a.*Species GenBank acces-
sion no.

X57377 [7]murineMyo5a d, dilute
MYO5a human Y07759 [14] myoxin,

MYH12
p190 P. gallus Z11718† [23], myosin-Va

X67251 [93]
myr 6U60416 [10]murineMyo5b

MYO2 S. cere6isiae M35532 [18]
MYO4 M90057 [21]S. cere6isiae

D. melanogasterDros-V didumAF003826†
[30], Y08160
[29]
U52516 [31]hum-2 C. elegans

MYA1 A. thaliana Z28389[32]
Z34293 [33]A. thalianaMYA2

The locus name for each known member of the myosin-V family
is presented, with the species of origin and its GenBank accession
number.
* Some members were known before the myosin-V classification
and the historical names are presented.
† The myosin-V in both chicken and fly were cloned by two
independent laboratories, and the sequence used for the phyloge-
netic analysis is indicated.

tionation, cdc66-1, was found to remain biosyntheti-
cally active at the restrictive temperature, but could not
proliferate and displayed an unbudded morphology
[17]. Complementation experiments showed that cdc66-
1 encoded a myosin named MYO2, the second myosin
found in yeast [18]. MYO2 is an essential gene and the
original mutant allele, renamed myo2-66, only supplies
partial function probably because the mutation
(Glu511Lys) lies in the actin-binding region of the mo-
tor domain [19].

Figure 1. Model for the structure of brain myosin-V, based on the
model originally presented by Cheney et al. [34], with the addition
of the fragments generated through calpain digest [36]. The neck
shows three different light chains to reflect the ability of IQ motifs
to bind calmodulin and the 17- and 23-kDa essential light chain of
nonmuscle and smooth muscle myosin-II [34, 35]. The second and
third coiled-coil motifs are predicted to allow dimerization, but
the likelihood of the third is significantly reduced by alternative
splicing, at least for myosin-Va in melanocytes (see text, [80]).

Figure 2. Phylogenetic analysis of the myosin-V family, per-
formed with Clustal W on full-length sequences [94].
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Haarer et al. used a myosin probe [20] to identify other
myosin cDNA clones, including MYO4, the fourth
myosin and the second member of the myosin-V family
found in yeast [21]. The tail domains of Myo2p and
Myo4p are shorter than those of the mammalian mem-
bers of the family. In addition, there are fewer regions
predicted to form coiled-coil domains in their myosin-V
tail regions.
Myosin-V was identified in chicken brain as a 190-kDa
protein (p190) that specifically precipitated with
filamentous actin in an ATP-dependent manner [22].
Biochemical characterization suggested p190 was a
myosin [13]. The cloning of the p190 gene [23] was
interesting in several respects. First, following the
cloning, was the initial phylogenetic analysis of the
available myosin sequences, which showed that Myo5a,
MYO2, MYO4 and chicken myosin-V constituted a
separate class of myosins. Second, it coined the term
‘IQ motif’ to describe the imperfect tandem repeats
found in the necks of all myosins, described by Mercer
et al. [7]. Third, they showed that calmodulin, which
copurified with chicken myosin-V, can bind to chimeric
proteins containing IQ motifs. There is a chicken mu-
tant in chicken, la6ender, that has a similar melanocyte
morphology to that seen for dilute melanocytes
(Myo5ad/Myo5ad), with a perinuclear melanosome ac-
cumulation [24]. No genetic mapping data are available
for la6ender in chicken, but la6ender could be a muta-
tion in the locus encoding chicken myosin-V.
The identification of myosin-V in squid began with cell
biology. The movement of organelles in squid axoplasm
was observed to exhibit actin-dependent component
[25]. This group applied the technique for purification
of myosin-V from chicken to squid optic lobes and
isolated a 196-kDa protein [26]. The complete sequence
of p196 is not currently available, but the sequences of
proteolytic fragments align well with other members of
the myosin-V family [27]. Squid myosin-V has been
shown to be associated with endoplasmic reticulum-
derived tubulovesicular organelles, and tail-specific anti-
body inhibition studies suggest that myosin-V can
directly support vesicle transport [28].
The most recent member of the myosin-V family has
been found in Drosophila melanogaster by two indepen-
dent laboratories [29, 30]. Bownes’s group used an
enhancer-trap strategy to study oogenesis, and isolated
a myosin-V (didum, dilute-like D6 rosophila u6 nconven-
tional m6 yosin) cDNA [29]. A more focused search for
myosins in the fly using degenerate PCR produced
Drosophila myosin-V (Dros-V), predicted to encode a
207-kDa heavy chain [30]. Sequence analysis revealed
that the third IQ motif began with LS, which is appar-
ently unique to D. melanogaster. Regulation of the
motor domain could require species-specific light chains
unique to each family member.

A myosin-V, hum-2 (h6 eavy chain of an u6 nconventional
m6 yosin), has been identified in Caenorhabditis elegans
using a PCR-based strategy [31]. The percent similarity
of hum-2 in table 1 shows it to be nearly equally
divergent from all of the other members. It will be of
interest to learn how researchers will apply the cell fate
map of C. elegans to study the function of this member
of the myosin-V family, particularly if hum-2 functions
in the movement of vesicles within the less complex
nervous system of C. elegans.
Finally, MYA1 and MYA2 are two members of the
myosin-V family identified from Arabidopsis thaliana
[32, 33]. MYA1 and MYA2 are expected to function as
vesicle motors in plants.

Myosin-V domain structure

The model of a chicken myosin-V multimer, based on
the rotary-shadowed electron micrographs of Cheney et
al. and primary structure analysis [34], provides a
framework for our discussion of myosin-V function (fig.
1). The criteria used to classify a protein as a myosin are
limited to the amino-terminus, or the head domain,
where the mechano-enzymatic reaction takes place
through cooperation between the ATPase domain and
the actin-binding domain. The neck domain is depicted
with light chains bound. The tail is shown with the
proximal coiled-coil domain followed by a less definitive
model for the arrangement of the heavy chain to the
globular carboxy-terminus, the cargo binding domain.
A region known to exhibit alternative splicing in murine
myosin-Va is identified. Not shown are the dynein light
chains predicted to be dimerized and associated with the
tail domain [35]. The functions of the head, neck and
tail domains will be considered below in the order in
which they are translated.

Head

The force required for the movement of cargoes is
generated in the head domain. The ATPase activities
and actin-binding affinities vary widely among the
myosins studied. All of the characteristics for the
myosin-V family are based on biochemical studies of
chicken myosin-V [13, 34, 36], and these studies describe
some properties that apparently are unique to the
myosin-V family.
The ATPase activity of a myosin is routinely described
by its K+-EDTA-ATPase and Mg+ +-ATPase activity,
including the influence of F-actin and Ca+ + in modu-
lating these activities. The K+-EDTA-ATPase activity
of chicken myosin-V was reported to be 1.8 ATP/s/head
[36], which is significantly lower than that of skeletal
muscle myosin II (�10 ATP/s/head, [37]) and
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Acanthamoeba myosin I (12–22 ATP/s/head, [38]). The
basal Mg+ +-ATPase activity of chicken myosin-V also
is quite low, 0–0.3 ATP/s/head, and does not appear to
be activated by F-actin in the absence of Ca+ +. The
addition of Ca+ +, with F-actin, stimulates the myosin-
V Mg+ +-ATPase substantially to an activity that is
among the highest of the known myosins, with a Vmax

of 27 ATP/s. This regulation of Mg+ +-ATPase by
Ca+ + occurs over a narrow range in vitro, between 1
and 3 mM [36].
In the sliding filament motility assay, chicken myosin-V
performs as a barbed end-directed motor that can
translocate F-actin at �300 nm/s [34]. The rate of
motility by chicken myosin-V also is influenced by the
levels of Ca+ +, but not in the manner anticipated from
the in vitro biochemical assays. Increasing the concen-
tration of Ca+ + to 10 mM caused an immediate de-
crease in filament velocity, followed by a gradual
decline. Spiking the reaction with calmodulin prior to
the addition of Ca+ + prevented the gradual decline,
but the initial decrease was still observed [34].
An assay that more closely mimics the proposed role of
chicken myosin-V in vivo utilized beads of 800 and 300
nm in diameter, immunoadsorbed with chicken myosin-
V using an antibody against the tail domain of chicken
myosin-V [39]. Motility was again more robust in the
absence of Ca+ +, with chicken myosin-V absorbed
from crude chicken brain extracts performing as well as
purified chicken myosin-V. The 800-nm beads were
transported at rates of 450 nm/s, and 300-nm beads
were transported at 600 nm/s. The addition of antibod-
ies directed against the head domain inhibited motility
[39].
Myosin-V has demonstrated a robust in vitro Mg+ +-
ATPase activity in the presence of Ca+ + and F-actin,
but its activity is virtually zero in the absence of Ca+ +

[36]. Examining the conversion of ATP into mechanical
energy through motility assays results in seemingly con-
tradictory data, since rates were greatest in the absence
of Ca+ +. A plausible scenario, assuming in vitro
ATPase rates are relevant to motility assays, is that the
presence of Ca+ + shifts myosin-V into an extremely
low gear. This in turn should provide greater force to
successfully transport large cargoes. Greater insight into
regulation by Ca+ + will require understanding the
influences of the neck domain and bound light chains
on modulating motor activity.

Neck

Predictably, the neck domain in myosins follows the
head domain and consists of an a-helix that contains
sequences for light-chain binding. In conventional
myosins, light chains apparently contribute to the struc-

tural stability and rigidity of the a-helical region [40,
41]. Known myosin-V light chains are all members of
the EF-hand family of Ca+ +-binding proteins [41a].
Quick-freeze, deep-etch electron micrographs of chicken
myosin-V show this region to be a long, thickened
segment, consistent with it being an extended a-helix
with bound light chains [34].
The peptide sequence in the neck region conforms to
the imperfect repeat of ‘IQxxxRGxxxR’, termed the IQ
motif [2, 42, 43]. Members of the myosin-V family
contain six IQ motifs; with the more carboxy-terminal
repeats showing the greatest divergence [7, 23]. Multiple
lines of evidence demonstrate the direct interaction be-
tween calmodulin and myosin-V, mediated through the
IQ motifs.
From the beginning, calmodulin was copurified with
chicken myosin-V at a ratio of 4 to 1 [34]. Immu-
nofluorescent localization of Myo2p in yeast showed
colocalization with calmodulin [44]. In gel overlay ex-
periments, the IQ motifs from both chicken myosin-V
and Myo2p, expressed as bacterial fusion proteins, are
sufficient to bind calmodulin [23, 44]. In addition, im-
munoprecipitation of Myo2p coprecipitates calmodulin
in either the presence or absence of Ca+ + [44].
Along with calmodulin, two other proteins with relative
masses of 17 and 23 kDa were also found to copurify
with chicken myosin-V [34]. Sequencing demonstrated
these light chains to be identical to the 17- and 23-kDa
essential light chains of nonmuscle and smooth muscle
myosin II [45]. In yeast, a Myo2p light chain (Mlc1p)
was unmasked by the Yeast Genome Sequencing Pro-
ject, based on sequence similarity with other myosin
light chains [46]. Binding of Mlc1p to Myo2p has been
shown through genetic interactions and gel overlay as-
says [46].
The stability of Myo2p appears to depend on the
availability of light chains. The overexpression of
Myo2p has toxic effects in yeast, but increasing the
expression of Mlc1p prevents this toxicity [1]. The hap-
loinsufficiency of MLC1 also suggests that a constant
ratio of light chains to heavy chains is essential for
Myo2p stability. In addition, mutations outside the
Ca+ + binding sites of calmodulin cause synthetic
lethality with myo2-66. Presumably the mutations in
calmodulin would affect binding to Myo2p [2].
The same investigators generated a mutant Myo2p
without the six IQ motifs (MYO2-D6IQ). This neckless
Myo2p was able to rescue yeast without full-length
Myo2p [46]. Bud formation and cell size were slightly
different than wild type, but the localization of Myo2p-
D6IQ appeared normal. Calmodulin, on the other
hand, was delocalized, solidifying the role of IQ motifs
in binding calmodulin and localizing it to the bud site.
One speculation on the function of the neck domain is
that the neck acts as a lever for augmenting the power
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stroke of the myosin head [40]. Consistent with this
hypothesis, myosin-II constructs containing variable
numbers of light-chain binding domains have different
motility rates [47, 48]. The long length of the myosin-V
neck, in addition to possibly providing leverage, also
suggests that myosin-V may span a relatively large
space (�27 nm) so that it can interact with two an-
tiparallel actin filaments [34]. This may be important in
light of the isometric actin networks found in squid
axoplasm and nerve growth cones, two environments in
which myosin-V has been found [23, 49].

Tail

The tail domain uniquely describes a particular myosin
within a family and is generally believed to interact with
a specific cellular structure, its cargo. A major research
focus has been to identify the cargoes of the individual
members of the myosin-V family. The identity of the
cargo should define where a myosin applies the force
generated in the head domain, essential to understanding
that myosin’s function. Possible myosin-V cargoes have
been described in neurons, pigment cells and yeast.
All mutations at the Myo5a locus cause a dilution in
coat color; most alleles also have a neurological pheno-
type characterized by ataxia, opisthotonos and death at
about 3 weeks of age [50]. This coincides with an
extremely active developmental period in the central
nervous system of the mouse. The temporal and spatial
patterns of Myo5a messenger RNA (mRNA) expression
were not very informative [7]. Transcripts were present
at high levels in every organ but liver in adult mice; they
were also present in virtually every neuron in the brain.
High levels of Myo5a expression were also observed in
the central nervous system of embryos, 3 weeks before
the onset of any phenotype in the Myo5ad-l null mutant.
The delay is likely to be caused by overlapping func-
tions between members of the same family, as hypothe-
sized for the myosin-I family [51].
Recently, the MYO5a locus was shown to be mutated
in human cases of Griscelli disease, characterized by
autosomal recessive inheritance; hypopigmentation with
silvery hair color; and immunosuppression, especially
low natural killer cell activity [16]. The condition is fatal
in childhood or adolescence. In the first report of
Griscelli disease, no evidence of a neurological pheno-
type was noted [52]. However, in the recent paper
identifying mutations, one patient of four had a neuro-
logical syndrome characterized by hypotonia. This pa-
tient had a nonsense mutation in the head region of the
myosin that would almost certainly result in a nonfunc-
tional protein; the other mutation detected was a mis-
sense mutation in the tail, two patients who had no
neurological phenotype. These phenotypes are remark-

ably consistent with the Myo5ad-l and Myo5ad pheno-
types seen in mice, respectively.
In addition to Griscelli disease, two other rare hypopig-
mentation syndromes in humans are characterized by
symptoms similar to those of Myo5ad-mutant mice.
Cross-syndrome patients are described as having a
metallic sheen to their hair and are unresponsive, with
hypotonic characteristics [53]. Elejalde syndrome pa-
tients have silver hair and exhibit hypotonia, and in one
case, grand mal seizures [54, 55]. It is very likely that
these syndromes are allelic with Griscelli disease, con-
sidering the phenotypic variation in alleles of Myo5a,
suggesting that studies in mice will be germane to deter-
mining the function of human myosin-V.

Myosin-V function in neurons

The inactivation of myosin-V by chromophore-assisted
laser inactivation (CALI) in growth cones of chicken
dorsal root ganglion neurons caused retraction of
filopodia [56]. In contrast, explants of cultured superior
cervical ganglia from Myo5ad-l mice appear normal in
terms of morphology, outgrowth and the cytoskeletal
organization of growth cones [57]. This is consistent
with the absence of gross abnormalities in the central
nervous systems of Myo5ad-l mice prior to the onset of
the neurological phenotype, arguing for a physiological
role for myosin-V and against a developmental
function.
Purkinje cells stained for myosin-V show punctate
staining in the cell body and the dendrites [23]. In the
cell body, colocalization of myosin-V was observed with
wheat-germ agglutinin. While this suggested Golgi-
derived vesicles as a cargo, the nonspecific staining
could have labeled other organelles, including lyso-
somes and endosomes. Purkinje cells from both the
mouse and rat null mutants at the Myo5a locus do not
extend their smooth endoplasmic reticulum into the
dendritic spines to the same extent as wild-type controls
[58, 59]. It must be emphasized that these analyses were
performed after the onset of the neurological pheno-
type, however, and therefore cannot exclude the possi-
bility of secondary or tertiary effects of the opisthotonic
neurological condition, including dehydration and
malnutrition.
Punctate staining for myosin-V was observed in retinas
labeled in areas of rod photoreceptor synapses [60].
Consistent with this localization, brain myosin-V has
recently been found associated with synaptic vesicles
immunoprecipitated with antibodies against synapto-
brevin II and rab3 [61]. The association appeared to be
disrupted by Ca+ + and Mg+ +, but not necessarily
due to actions on the neck.
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During the purification of myosin-V, an early step gen-
erates a brain vesicle fraction [62]. These vesicles exhib-
ited characteristics of synaptic vesicles and were motile
in vitro; antibodies directed against the head domain of
myosin-V could inhibit the in vitro motility [63]. The
vesicle fraction consisted of 60- and 90-nm vesicles;
myosin-V was found associated with a subset of 90-nm
vesicles, but not with copurified 60-nm vesicles. This
observation could account for the punctate subcellular
localization of myosin-V in growth cones [23, 57].
Evans et al. described these vesicles, viewed at the level
of electron microscopy, as 50–100 nm in size and asso-
ciated with both actin filaments and microtubules [57].
In squid axoplasm, both actin- and microtubule-based
movement has been observed for individual tubular
vesicular organelles [25]. A dual filament model of
transport has been proposed to explain this observa-
tion; it stipulates that organellar movement can consist
of long, rapid motility along microtubules and short,
stochastic motility along actin filaments [64, 65]. For
some organelle movements in squid giant axon, myosin-
V appears to be the actin-dependent motor. Isolation of
endoplasmic reticulum-derived vesicles partially purifies
squid myosin-V. These vesicles exhibit actin-based
motility in vitro [28]. This motility was inhibited with
antibodies against the head domain and by antibodies
against a unique peptide in the tail of squid myosin-V.
Immunoelectron microscopy demonstrated that some of
the vesicles to which squid myosin-V localized also were
labeled for kinesin [28]. Recently, two-hybrid experi-
ments and immunofluorescent results demonstrated a
direct interaction between the tail of myosin-Va and
ubiquitous kinesin [66], consistent with the dual
filament model of transport.

Myosin-V and melanosomes

Normally, pigment is synthesized in melanosomes by
melanocytes and transported through dendritic pro-
cesses toward the hair bulb [67]. Early observations of
dilute melanocytes in situ described the absence of den-
drites, and it was originally hypothesized that myosin-
Va functioned in the formation of dendritic processes
[68]. This has been shown not to be the function of
myosin-Va, and myosin-Va does not play a role in
melanosome pigmentation itself [69–72].
The absence of myosin-Va causes a striking difference
in the distribution of melanosomes in primary murine
melanocytes. Melanosomes are concentrated in the per-
inuclear region with clumps of melanosomes found spo-
radically in dendrites, rather than the uniform
distribution observed in wild-type melanocytes [70–72].
This suggested that myosin-Va function is required dur-
ing melanosome transport, either directly as the trans-

porter or in cooperation with another motor, possibly
as a tether or dock after transport [71]. These are not
mutually exclusive hypotheses.
Consistent with these hypotheses, disruption of actin
filaments influences the distribution of mammalian
melanosomes [73], and immunofluorescent localization
of myosin-Va in wild-type melanocytes revealed a punc-
tate distribution in the periphery of the cell [71]. Later
immunofluorescent data from B16 melanoma cells
showed more colocalization of myosin-Va staining with
melanosomes [72, 74]. Immunoelectron labeling showed
myosin-Va labeling concentrated in a small region on
the cytoplasmic face of melanosomes [74].
Based on their velocity and persistence to move in a
single direction, the movement of melanosomes within
wild-type melanocytes has been described as exhibiting
both microtubule- and actin-based motility [75]. In
dilute melanocytes, melanosomes were described to
only exhibit microtubule-based movement. Wild-type
melanocytes accumulated melanosomes in the perinu-
clear region in response to the expression of a headless
myosin-V construct. The authors concluded from these
observations that the majority of melanosome transport
occurs along microtubules and that myosin-V ‘captures’
melanosomes in the periphery [75]. This disagrees with
the dual filament model of transport by suggesting that
the actin-based motor (in this case myosin-Va) does not
contribute significantly to the distance traveled by the
cargo, but merely acts as a tether or dock.
Melanosome movement in both amphibian and teleost
melanophores has a well-established dependence on mi-
crotubules and microtubule-dependent motor function
[76, 77]. Recently, an actin-dependent component to
melanosome motility has been described in melano-
phores. In teleost melanophores, melanosome move-
ment persisted in the absence of microtubules, and the
disassembly of actin prevented the normal dispersion of
pigment induced by caffeine treatment [78]. In another
study, melanosomes purified from Xenopus melano-
phores were capable of moving along Nitella actin
filaments. Myosin-V, but not myosin-I, was demon-
strated to be associated with purified melanosomes,
suggesting that myosin-V is the actin-based motor [79].
The results in melanocytes and neurons suggest that
myosin-V has cell type-specific cargoes. Transcripts
from the Myo5a locus have a tissue-specific splicing
pattern in a region immediately 5% of the globular car-
boxy-terminus [80, 81]. This creates multiple isoforms of
myosin-Va. Melanocytes express one predominate iso-
form that differs from the brain-expressed isoforms by
the inclusion of a 240-bp exon and the absence of a
9-bp exon [80]. The insertion point of this exon coin-
cides with a predicted coiled-coil motif depicted in the
model of brain myosin-Va structure (fig. 2). These splic-
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ing patterns could significantly alter the conformation
of the globular carboxy-terminus and provide different
cargo specificities between melanocytes and neurons.
Different cargoes for myosin-Va in melanocytes and
neurons could explain how the single mutant allele at
the dilute suppressor (dsu) locus can semidominantly
suppress the coat-color phenotype, but not the neuro-
logical phenotypes of Myo5ad-l [82].

Myosin-V in S. cere7isiae

Studies into the function of members of the myosin-V
family have been facilitated by the power of yeast
genetics. Initial studies on a temperature-sensitive Myo2
mutant (myo2-66) at the restrictive temperature showed
an accumulation of vesicles, abnormal F-actin struc-
tures, disruption of directed growth but not secretion,
and delocalization of chitin, a marker for the bud site
[18]. Double-mutant analysis placed myo2p function at
a post-Golgi stage of secretion [83]. Examination of
vacuole partitioning in myo2-66 mutants during bud-
ding demonstrated a disproportionate number of cells
that do not transfer vacuoles to the daughter cells.
Further analysis revealed colocalization between
Myo2p and a vacuole-specific marker (60-kDa vacuolar
ATPase subunit) [84]. Recently, a point mutation was
identified in the tail of Myo2p (Gly1248Asp, myo2-2)
that disrupts vacuole inheritance and causes the mislo-
calization of the mutant gene product compared with
wild-type Myo2p [85]. These data strongly support a
role for MYO2 in the transport of vacuole-derived
vesicles to the bud site in yeast and that the tail domain
is essential for cargo interactions.
The second member of the myosin-V family in yeast,
Myo4p, has been shown to be involved in mating type
switching [86, 87]. Conversion of the mating type locus
involves the cleavage of DNA at the MAT locus by the
HO endonuclease and is restricted to the mother cell
[88]. Daughter cells are prevented from switching
through the repression of HO transcription by Ash1p,
which is preferentially accumulated in the nuclei of
daughter cells and not mother cells [86, 87, 89]. This
asymmetric distribution of Ash1p has been attributed to
the accumulation of ASH1 mRNA in daughter cell
nuclei through a process that depends on both actin and
Myo4p function [90]. This would suggest that the cargo
of Myo4p is ASH1 mRNA.
The presence of two myosin-V family members in yeast
provided an opportunity to test for possible functional
redundancy between family members [21]. Myo4p does
not appear to influence vacuole inheritance, the hypoth-
esized role of myo2p [84]. Furthermore, the overexpres-
sion of Myo4p cannot rescue the loss of Myo2p
function, suggesting that family members have distinct
functions and do not overlap, at least in yeast [21].

The loss of Myo2p function can be rescued by SMY1
(s6 uppressor of myosin), which is a member of the ki-
nesin superfamily [91]. Deletion of SMY1 indicates that
it is not an essential gene, but the loss of SMY1p in
conjunction with the reduced activity of myo2-66 is
lethal. The distribution of SMY1p has been suggested
to be similar to myo2p by extrapolating the localization
of each with actin [19]. The same publication also
reported the discovery of Smy2 (GenBank accession no.
M90654), but no other data have been published. It is
interesting that a member of the kinesin family can
suppress the loss of Myo2p function in yeast consider-
ing the proposed cooperation between myosin-V and
microtubule-based motors in higher eukaryotes.

Conclusion and future

While the tail domain appears to mediate the binding to
cargo, sequences known to interact directly with phos-
pholipids are not present in the tail domains of mem-
bers of the myosin-V family [92]. This suggests that the
tail of a myosin-V interacts with its cargo through an
intermediary protein (or protein complex) present on
the cytoplasmic face of the cargo. Future studies will be
aimed at identifying the mechanisms involved in cargo
binding.
The initiation of cargo binding most likely occurs to
begin transporting a vesicle from where it is synthesized
to where it will ultimately be used and probably in-
volves simple affinity. The events that take place after
the cargo is delivered to its final destination are less
intuitive. The modular protein AF-6 [3] shares a ho-
mologous domain with the tail of myosin-V [4], and
could provide a mechanism for cargo release near the
plasma membrane by competing for cargo binding.
AF-6 includes a PDZ domain known to localize
proteins under the plasma membrane [5] and has been
shown to be involved in clustering of receptors [6].
Considering that synaptic vesicles are a possible cargo
and need to be targeted to the cell membrane, it may be
important to consider AF-6 function. The simple null
AF-6 mutant is not informative, since homozygotes die
during mid-gestation [92a].
In summary, significant progress has been made on the
elucidation of functions for several members of the
myosin-V family through identification of potential car-
goes. This does not imply that these cargoes rely exclu-
sively on myosin-V function for transport; in fact, some
of the possible cargoes also have exhibited microtubule-
dependent motility. The concept of cooperation with
microtubule-based molecular motors, as described by
the dual filament model of transport, will be essential
for a complete understanding of myosin-V function.



D. W. Provance Jr. and J. A. Mercer Myosin-V: head to tail240

1 Cheney R. E., Riley M. A. and Mooseker M. S. (1993)
Phylogenetic analysis of the myosin superfamily. Cell Motil.
Cytoskeleton 24: 215–223

2 Mooseker M. S. and Cheney R. E. (1995) Unconventional
myosins. Annu. Rev. Cell Dev. Biol. 11: 633–675

3 Sellers J. R., Goodson H. V. and Wang F. (1996) A myosin
family reunion. J. Muscle Res. Cell Motil. 17: 7–22

4 Silvers W. K. (1979) The Coat Colors of Mice, Springer,
New York

5 Green M. C. (1989) Catalog of mutant genes and polymor-
phic loci. In: Genetic Variants and Strains of the Laboratory
Mouse, 2nd ed., pp. 82–83, Lyon M. F. and Searle A. G.
(eds), Oxford University Press, Oxford

6 Strobel M. C., Seperack P. K., Copeland N. G. and Jenkins
N. A. (1990) Molecular analysis of two mouse dilute locus
deletion mutations: spontaneous dilute-lethal-20J and radia-
tion-induced dilute prenatal lethal Aa2 alleles. Mol. Cell
Biol. 10: 501–509

7 Mercer J. A., Seperack P. K., Strobel M. C., Copeland N.
G. and Jenkins N. A. (1991) Novel myosin heavy chain
encoded by murine dilute coat colour locus. Nature 349:
709–713

8 Huang J., Cope M., Mermall V., Strobel M., Kendrick-
Jones J., Russell L. et al. (1998) Molecular genetic dissection
of mouse unconventional myosin-Va head region mutations.
Genetics 148: 1951–1961

9 Huang J., Mermall V., Strobel M., Russell L., Mooseker M.,
Copeland N. et al. (1998) Molecular genetic dissection of
mouse unconventional myosin-Va tail region mutations. Ge-
netics 148: 1963–1972

10 Zhao L. P., Koslovsky J. S., Reinhard J., Bahler M., Witt A.
E., Provance D. W. et al. (1996) Cloning and characteriza-
tion of myr 6, an unconventional myosin dilute/myosin-V
family. Proc. Natl. Acad. Sci. USA 93: 10826–10831

11 Huang W. M., Reed-Fourquet L., Wu E. and Wu J. Y.
(1990) Molecular cloning and amino acid sequence of brain
L-glutamate decarboxylase. Proc. Natl. Acad. Sci. USA 87:
8491–8495

12 Wu J., Huang W., Reed-Fourquet L., Bao J., Nathan B.,
Wu E. et al. (1991) Structure and function of L-glutamate
decarboxylase. Neurochem. Res. 16: 227–233

13 Espindola F. S., Espreafico E. M., Coelho M. V., Martins A.
R., Costa F. R., Mooseker M. S. et al. (1992) Biochemical
and immunological characterization of p190-calmodulin
complex from vertebrate brain: a novel calmodulin-binding
myosin. J. Cell Biol. 118: 359–368

14 Engle L. J. and Kennett R. H. (1994) Cloning, analysis and
chromosomal localization of myoxin (MYH12), the human
homologue to the mouse dilute gene. Genomics 19: 407–416

15 Moore K. J., Testa J. R., Francke U., Milatovich A.,
Copeland N. G. and Jenkins N. A. (1995) Cloning and
regional assignment of the human myosin heavy chain 12
(MYH12) gene to chromosomal band 15q21. Cytogenet. Cell
Genet. 69: 53–58

16 Pastural E., Barrat F. J., Dufourcq-Lagelouse R., Certain S.,
Sanal O., Jabado N. et al. (1997) Griscelli disease maps to
chromosome 15q21 and is associated with mutations in the
Myosin-Va gene. Nature Genet. 16: 289–292

17 Prendergast J. A., Murray L. E., Rowley A., Carruthers D.
R., Singer R. A. and Johnston G. C. (1990) Size selection
identifies new genes that regulate Saccharomyces cere6isiae
cell proliferation. Genetics 124: 81–90

18 Johnston G. C., Prendergast J. A. and Singer R. A. (1991)
The Saccharomyces cere6isiae MYO2 gene encodes an essen-
tial myosin for vectorial transport of vesicles. J. Cell Biol.
113: 539–551

19 Lillie S. H. and Brown S. S. (1994) Immunofluorescence
localization of the unconventional myosin, myo 2p, and the
putative kinesin-related protein, smy1p, to the same regions
of polarized growth in Saccaromyces cere6isiae. J. Cell Biol.
125: 825–842

20 Pascolo S., Ghazvini M., Boyer J., Colleaux L., Thierry A.
and Dujon B. (1992) The sequence of a 9.3-kb segment

located on the left arm of the yeast chromosome-XI reveals
five open reading frames including the CCE1 gene and
putative products related to MYO2 and to the ribosomal
protein L10. Yeast 8: 987–995

21 Haarer B. K., Petzold A., Lillie S. H. and Brown S. S. (1994)
Identification of MYO4, a second class V myosin gene in
yeast. J. Cell Sci. 107: 1055–1064

22 Larson R. E., Pitta D. E. and Ferro J. A. (1988) A novel
190-kDa calmodulin-binding protein associated with brain
actomyosin. Braz. J. Med. Res. 21: 213–217

23 Espreafico E. M., Cheney R. E., Matteoli M., Nascimento
A. A., De Camilli P. V., Larson R. E. et al. (1992) Primary
structure and cellular localization of chicken brain myosin-V
(p190), an unconventional myosin with calmodulin light
chains. J. Cell Biol. 119: 1541–1557

24 Mayerson P. L. and Brumbaugh J. A. (1981) Lavender, a
chick melanocyte mutation with defective melanosome
translocation: a possible role for 10-nm filaments and mi-
crofilaments but not microtubules. J. Cell Sci. 51: 25–51

25 Kuznetsov S., Langford G. and Weiss D. (1992) Actin-de-
pendent organelle movement in squid axoplasm. Nature 356:
722–725

26 Cohen D., Kuznetsov S. and Langford G. (1994) Myosin V
in squid axoplasm and optic lobes. Mol. Biol. Cell 5: 278a

27 Molyneaux B. and Langford G. (1997) Squid myosin V
transports organelles in nerve cells. Mol. Biol. Cell 8: 371a

28 Tabb J., Molyneaux B., Cohen D., Kuznetsov S. and Lang-
ford G. (1998) Transport of ER vesicles on actin filaments in
neurons by myosin V. J. Cell Sci. 111: 3221–3234

29 MacIver B., McCormack A., Slee R. and Bownes M. (1998)
Identification of an essential gene encoding a class-V myosin
in Drosphila melanogaster. Eur. J. Biochem. 257: 529–537
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