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The discovery that the dilute gene encodes a class V myosin led to the hypothesis that this
molecular motor is involved in melanosome transport and/or dendrite outgrowth in
mammalian melanocytes. The present studies were undertaken to gain insight into the
subcellular distribution of myosin-V in the melanoma cell line B16-F10, which is wild-
type for the dilute gene. Immunofluorescence studies showed some degree of superim-
posed labeling of myosin-V with melanosomes that predominated at the cell periphery.
A subcellular fraction highly enriched in melanosomes was also enriched in myosin-V
based on Western blot analysis. Immunoelectron microscopy showed myosin-V labeling
associated with melanosomes and other organelles. The stimulation of B16 cells with the
a-melanocyte-stimulating hormone led to a significant increase in myosin-V expression.
This is the first evidence that a cAMP signaling pathway might regulate the dilute gene
expression. Immunofluorescence also showed an intense labeling of myosin-V indepen-
dent of melanosomes that was observed within the dendrites and at the perinuclear
region. Although the results presented herein are consistent with the hypothesis that
myosin-V might act as a motor for melanosome translocation, they also suggest a broader
cytoplasmic function for myosin-V, acting on other types of organelles or in cytoskeletal
dynamics.

INTRODUCTION

Pigmentation in mammals is determined by melanin
and depends on pigment synthesis by melanocytes
and transfer of the pigment-containing organelles, the
melanosomes, via dendritic processes to keratinocytes
of the epidermis and hair follicles. Melanosome trans-
fer appears to be a phagocytic process during which
the keratinocytes engulf the dendrites of melanocytes,
resulting in a uniform distribution of pigment gran-
ules throughout the hair shaft and the epidermis
(Klaus, 1969; Wolff, 1973). Other mechanisms of mela-
nosome transfer have also been proposed, such as

fusion of the plasma membrane and exocytosis, based
on ultrastructural studies (Yamamoto and Bhawan,
1994). Thus, proper pigmentation requires the mela-
nosomes to be transported out from their site of syn-
thesis at the perinuclear region to the cell periphery.1

Melanocytes are highly polarized cells with the ba-
sic functions of synthesizing pigment, packaging the
pigment in granules, and translocating the granules
along their dendrites. Unlike fish melanophores,
where dispersion and aggregation of pigment gran-
ules occur and the role of microtubules has been well
documented (Rodionov et al., 1994), avian and mam-
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malian melanocytes transport their melanosomes ap-
parently unidirectionally to the cell periphery from
where they are transferred to the surrounding kerati-
nocytes. The underlying molecular mechanisms of
melanosome transport and transfer to keratinocytes in
these latter organisms are not known, nor have the
potential roles of filamentous actin and microtubules
been clarified (for review see Quevedo et al., 1987),
although some models for a concerted action of mi-
crotubules and actin filaments (and even intermediate
filaments) in pigment granule translocation have been
proposed (for review see Taylor, 1992).

The dilute mouse mutation, whose gene encodes a
myosin-V, causes dilution of the coat color due to a
defect in the distribution of melanosomes from mela-
nocytes to the keratinocytes of a growing hair, causing
the pigment granules to form characteristic clumps
that lead to a lightening of the coat color (Mercer et al.,
1991a,b). Melanocytes in the hair follicle or other lo-
cations, such as, for instance, the Harderian gland,
appear to have thinner, shorter, and fewer dendrites in
dilute mice (reviewed by Silvers, 1979). Silvers (1979)
speculated that this altered morphology due to the
inadequate development of dendrites results in the
clumping and crowding of the melanin granules
around the nucleus of the cell and in an uneven trans-
fer of granules from the melanocytes to the epidermal
cells of the hair bulb. However, it has been demon-
strated that dilute melanocytes in primary culture are
capable of extending dendrites yet still fail to transport
their melanosomes out to the cell periphery (Koyama
and Takeuchi, 1981; Provance et al., 1996). Also, mel-
anoma cells derived from a dilute mouse (S91, Cloud-
man cell line) can be induced to extend dendrites in
vitro upon stimulation with a-melanocyte stimulating
hormone (a-MSH) analogues (Pawelek et al., 1975;
Preston et al., 1987). Thus, the formation and mainte-
nance of dendritic processes do not seem to be directly
affected by the dilute mutation. These results are quite
suggestive, although not conclusive, that myosin-V is
the molecular motor that translocates the melano-
somes from the cell center out to the dendritic exten-
sions.

Evidence for the role of class V myosins comes also
from studies of yeast mutants. Temperature-sensitive
myo2–66 mutants arrest as large unbudded cells with
an accumulation of small vesicles in the mother cell
(Johnston et al., 1991). Although the content of these
vesicles is not known, it has recently been shown that
myo2p is required for the polarized localization of a
chitin synthase catalytic subunit (Chs3p) in the bud-
ding yeast (Santos and Snyder, 1997). In addition,
Myo2p is required for vacuole inheritance even at the
permissive temperature when other defects are not
observed in the cells (Hill et al., 1996). Myo4p, a second
isoform of myosin-V in yeast, has also recently been
shown to be involved in polarized transport. In Sac-

charomyces cerevisiae, mating type switching is re-
stricted to the mother cells. A mutation of the MYO4/
SHE1 gene disrupts this restriction, so that daughters
can also switch mating type (Jansen et al., 1996).
Bobola et al. (1996) showed that Myo4p is required for
the restricted localization of Ash1p, a repressor of
mating type switching, in the daughter cell. The phe-
notypic analyses of yeast and mouse myosin-V mu-
tants and the immunolocalization data showing a
punctate staining pattern for myosin-V in cultured
neurons and astrocytes (Espreafico et al., 1992) have
led to the hypothesis of a role for class V myosins in
polarized organelle translocation (for review see
Mooseker and Cheney, 1995; Larson, 1996).

The present studies were undertaken to determine
the subcellular localization of myosin-V in the highly
pigmented melanoma cell line B16-F10 (Fidler, 1973),
which is wild-type for the dilute gene (Seperack et al.,
1995). We show herein some overlapping of myosin-V
staining with melanosomes that tends to predominate
at the cell periphery and dendritic extensions. An
intense melanosome-independent labeling of myo-
sin-V at the perinuclear region and within the den-
drites was also observed. Immunogold labeling for
myosin-V was observed in association with melano-
somes, endoplasmic reticulum and other organelles.
We also found that a-MSH treatment, which induces
dramatic dendritic outgrowth and melanosome syn-
thesis, caused an increase in myosin-V levels. Al-
though these results are consistent with the hypothesis
that myosin-V might act as a motor for melanosome
translocation, they also suggest a more complex role
for this myosin in melanocytes.

MATERIALS AND METHODS

Materials
The B16-F10 murine melanoma cell line (derived from C57BL/6J
mouse, D/D) was a generous gift from Dr. John Pawelek (Yale
University School of Medicine, New Haven, CT). Ham’s F-10,
DMEM, fetal bovine serum (FBS), and horse serum were obtained
from GIBCO-BRL (Gaithersburg, MD). a-MSH and 3-isobutyl-1-
methylxanthine (IBMX) were obtained from Sigma (St. Louis, MO).
Monoclonal antibody HMB-45 was from Dako (Carpinteria, CA).
Fluorescein isothiocyanate-conjugated goat anti-rabbit IgG was
from Cappel (Organon Teknika, Durham, NC) or Molecular Probes
(Eugene, OR). Texas red-conjugated goat anti-mouse IgG was from
Molecular Probes. Gold-labeled (10 nm) goat anti-rabbit IgG, per-
oxidase-conjugated anti-rabbit IgG, and chemiluminescence re-
agents (ECL kit) were from Amersham International Plc (Littel
Chalfont, United Kingdom). Gold-labeled (18 nm) goat anti-rabbit
IgG was from Jackson ImmunoResearch Laboratories (West Grove,
PA). LR-White resin was obtained from LADD Research Industries
(Burlington, VT) and LX-112 from Electron Microscopy Sciences
(Fort Washington, PA). Pefabloc was from Boehringer Mannheim
Biochemica (Mannheim, Germany). All other chemicals were from
Sigma. Grade I water, prepared by using the Milli-Q (Millipore,
Bedford, MA), was used in all solutions.
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Cell Culture
B16-F10 murine melanoma cells were cultured in Ham’s F-10 me-
dium supplemented with 10% horse serum in a humid atmosphere
containing 5% CO2 in air at 37°C. In experiments of induction of
melanization and differentiation, the cells were cultured for 24 h in
DMEM and 10% FBS and then changed to DMEM and 2% FBS,
containing 0.4 mM a-MSH and 0.5 mM IBMX for additional 48 h.

Immunofluorescence Microscopy
Cells were plated on glass coverslips in 35-mm-diameter Petri
dishes containing the appropriate medium as described above. At
selected times of incubation, coverslips were washed with phos-
phate-buffered saline (PBS), pH 7.2, and the cells fixed with 2%
paraformaldehyde containing 0.3% Triton X-100 for 10 min at 37°C,
followed by washing three times with PBS. Cells were blocked with
2% bovine serum albumin (BSA) and 5% goat serum in PBS for 1 h
at room temperature or overnight at 4°C and then incubated for 4 h
at room temperature in primary antibody diluted in blocking solu-
tion. Two primary antibodies were used in these studies: 1) an
affinity-purified polyclonal antibody generated against a recombi-
nant protein corresponding to the tail domain of myosin-V, which
has been previously characterized (Espreafico et al., 1992). This
antibody was purified on Sepharose column coupled to a fusion
protein of the tail domain of myosin-V fused to maltose binding
protein and was used at 3.2 mg/ml. 2) A monoclonal antibody,
HMB-45, that recognizes a melanosomal antigen (Sturtz and Dabbs,
1994) was used at 14 mg/ml. After incubation with the primary
antibody, cells were washed four times with PBS, incubated for 1 h
at room temperature in secondary antibody (10 mg/ml in blocking
solution), and then washed again with PBS. Coverslips were
mounted in 1 mg/ml p-phenylenediamine in 90% glycerol and 10%
103 PBS and observed with a Zeiss Axiophot (Carl Zeiss,
Oberkochen, Germany) microscope or a Bio-Rad 1024-UV confocal
system (Bio-Rad, Richmond, CA) attached to a Zeiss Axiovert 100
microscope, using a 633 numerical aperture 1.4 Plan-Apo (differ-
ential interference contrast or DIC) oil objective. All images were
collected by Kalman averaging of at least 10 frames (512 3 512
pixels), by using an aperture (pinhole) of 2.0 mm maximum. The
collected DIC images were filtered for sharpening with a minimum
setting using Bio-Rad Lasersharp software version 2.1a.

Subcellular Fractionation
Melanoma cells were propagated by injecting them subcutaneously
into the dorsal region of C57BL/6 mice. Three to 4 weeks after the
injection, the tumors were removed and used fresh for the prepa-
ration of melanosomal fractions according to the method of Seiji et
al. (1963) slightly modified. The tumors were excised, mixed with 5
volumes of ice-cold 0.3 M sucrose in extraction buffer (40 mM
HEPES, pH 7.7, 10 mM EDTA, 5 mM ATP, 2 mM dithiothreitol, 1
mM benzamidine, 2 mg/ml aprotinin, 1 mM pefabloc) and promptly
homogenized on ice for 2 min in a Potter–Elvehjem Teflon-on-glass
homogenizer. All subsequent steps were performed at 4°C or on ice
unless otherwise indicated. The homogenate was centrifuged at
700 3 g for 10 min and the resulting low-speed supernatant was
centrifuged at 11,000 3 g for 10 min, yielding a pellet that was
resuspended in a volume equal to the original homogenate of 0.3 M
sucrose in extraction buffer and centrifuged at 15,000 3 g for 10 min.
The resulting sediment, consisting mainly of mitochondria, lyso-
somes, and melanosomes, referred to as the large granule fraction
(LGF), was resuspended in one-sixth of the homogenization volume
of 0.3 M sucrose in extraction buffer, and 1 ml was layered onto a
discontinuous sucrose density gradient (1.5, 1.55, 1.6, 1.8, 2.0, 2.2,
2.4, and 2.6 M; 1 ml of each concentration) and centrifuged at
100,000 3 g for 2 h in a SW40Ti swinging bucket rotor in a Beckman
model L8–60 M ultracentrifuge (Beckman, Fullerton, CA). Fractions
were collected from the bottom up, by using a peristaltic pump. A
small dark pellet (referred to as the melanosomal P fraction), which

sedimented through the final sucrose layer, was collected and ana-
lyzed with the other fractions. The protein content of the fractions
was estimated by the method of Bradford (1976), performed in
duplicate by using BSA as a standard. Fractions were subsequently
analyzed for total protein by silver staining and for myosin-V by
Western blots of equivalent gels that were probed with antibodies
against myosin-V tail. The gels were loaded with approximately 2
mg of protein for fractions S1 to P3 and approximately 0.7 mg for
fractions LGF to F6.

The chemiluminescence films and silver-stained gels were im-
aged by scanning on a Hewlett–Packard scanjet 3c at a resolution of
1200 pixels/inch. Quantification analysis was done as follows.
Western blots containing 0.3, 0.6, 1.2, and 12 ng of highly purified
chick brain myosin-V (Nascimento et al., 1996) were run in parallel
with sample blots. The integrated density was measured for each
lane on the images by using the program UTHSCSA (ImageTool for
Windows version 1.27; Wilcox, Dove, McDavid, and Greer, Univer-
sity of Texas Health Science Center in San Antonio, Copyright
1995–1997). The values obtained were used to calculate an exponen-
tial standard curve that best described the data based on the least
square method. This curve was used to infer the amount of myo-
sin-V in the B16 tumor fractions from the integrated density values
with background subtraction. The average integrated density value
obtained from the silver-stained gels (Figure 5, lanes from S1 to P3)
was used to extrapolate the amount of total protein in the homog-
enate (H).

Immunoelectron Microscopy
Pellets of cells were fixed with 0.5% glutaraldehyde and 4% para-
formaldehyde in 0.1 M cacodilate buffer, pH 7.4, for 2 h at 4°C,
followed by 1% osmium tetroxide in the same buffer for 2 h at 4°C,
gradual dehydration in ethanol, substitution with propylene oxide,
and embedding in LX-112 or LR-White. Ultra-thin sections approx-
imately 80 nm thick from the LX-112 blocks were placed on nickel or
gold grids, and sections from the LR-White blocks were placed on
pioloform-coated nickel grids (200 mesh). LX-112 sections on the
grids were subjected to etching for 10 min in 1% sodium metape-
riodate at room temperature and washed in water previous to
immunolabeling. For both cases, postembedding immunogold la-
beling was performed as follows. Blocking of nonspecific sites was
done in 20 mM Tris(hydroxymethyl)aminomethane hydrochloride
(Tris-HCl), pH 8.2, 0.1% BSA, and 5% goat serum for 30 min at room
temperature. Subsequently, the grids were incubated overnight at
4°C with primary antibody (affinity-purified anti-myosin-V tail, di-
luted at 160 mg/ml in blocking solution containing 1% goat serum
and centrifuged for 30 min at 10,000 rpm, at 4°C in a microcentri-
fuge), washed twice with 20 mM Tris-HCl, pH 8.2, 0.1% BSA, and
incubated for 30 min at room temperature with gold-labeled goat
anti-rabbit IgG (10- or 18-nm gold particles, diluted at 1:20 and
centrifuged for a few seconds at 10,000 rpm in a microcentrifuge).
Three control experiments were performed in parallel: 1) the same
primary antibody preadsorbed with an excess of purified chick
brain myosin-V; 2) nonimmune rabbit IgG used as the primary
antibody; and 3) absence of the primary antibody. After incubation
with the secondary antibody grids were washed twice for 5 min in
the same buffer, rinsed twice in PBS, incubated in 2% glutaralde-
hyde in PBS for 15 min, washed twice in water, contrasted, and
observed with a Phillips electron microscope, model EM 208. Quan-
tification of the immunogold labeling (only for LR-White) was per-
formed as described in the legend of Table 1.

Preparation of Total Homogenates from Mouse
Brain and from Nonstimulated and a-MSH-
stimulated B16 Cells
A brain homogenate was prepared from a mouse killed by decap-
itation. The brain was rapidly removed, placed in 5 volumes of
ice-cold buffer (40 mM HEPES, pH 7.7, 10 mM EDTA, 2 mM dithio-
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threitol, 1 mM benzamidine, 2 mg/ml aprotinin, 1 mM pefabloc) and
promptly homogenized on ice by using an Omni 2000 homogenizer.
B16 cell homogenates were prepared from confluent cultures grown
as described under CELL CULTURE. Cells from stimulated and
nonstimulated cultures were lifted with Tyrode’s solution and cen-
trifuged at 1000 3 g for 5 min. The pellets were homogenized in 5
volumes of the buffer described above. Aliquots were taken for
protein determination (Bradford, 1976), prepared for SDS-PAGE,
and analyzed for total protein by silver staining and for myosin-V
and myosin-II by chemiluminescence on Western blots.

Electrophoresis and Immunoblotting
SDS-PAGE was performed in 5–16% linear gradient minigels. West-
ern blotting was carried out according to Towbin et al. (1979).
Nonspecific sites were blocked by incubating the filters for 1 h in
Tris-buffered saline (TBS), pH 8.0, containing 5% nonfat dry milk
and 0.1% Tween 20 (TBS-Tween). Subsequently the filters were
incubated with affinity-purified primary antibodies diluted in the
same solution. The anti-myosin-V tail and the anti-brain myosin-II
were both used at 0.5 mg/ml. The antibodies to myosin-II were
generated in our laboratories against myosin-II purified from chick
brain and affinity-purified against chick brain myosin-II blotted on
nitrocellulose filters. Bound antibodies were detected by incubation
with peroxidase-conjugated anti-rabbit IgG and visualized by
chemiluminescence (ECL).

RESULTS

Immunofluorescence Localization of Myosin-V in
Nonstimulated and Stimulated B16 Cells
Immunofluorescence microscopy was used to exam-
ine the subcellular distribution of myosin-V in the B16
melanoma cells, which are wild-type for the dilute
gene. Myosin-V staining in several cells from a non-
stimulated culture is shown in Figure 1 with the re-
spective phase-contrast fields. The staining was in-
tense at the perinuclear region, where it displayed a
fine punctate texture that gradually decreased in in-
tensity as it extended from around the nucleus toward
the cell periphery. Also, an intensely stained dot ad-
jacent to the nucleus could often be seen. In addition,
an intense staining of myosin-V was found at the cell
periphery, where it showed a granular pattern, often
appearing aggregated in areas that were close to or
coincided with melanosomes (Figure 1, compare A
and B, C and D, E and F, and G and H). The myosin-V
staining observed in these cells was shown to be spe-
cific by the total lack of staining when the antibody

Table 1. Subcellular distribution of immunogold in B16 melanoma cells

Groups
No. of fields

counted Area (mm2)
Total gold

count
Sum of gold particles/
sum of organelle area

Average no. of
gold particles/

mm2 SD
Interval of
confidence

Anti-MV
Me I 127 15.2 539 4471.8 35.2 2.8 5.5
Me II 45 3.5 44 575.6 12.8 3.0 5.9
Me III 63 12.0 189 1036.8 16.5 1.9 3.8
Me IV 45 5.6 65 677.7 15.1 3.8 7.3
ER 119 9.3 482 6851.8 57.6 6.6 12.9
G 17 2.8 37 235.7 13.9 4.7 9.2
Mi 65 16.0 105 488.8 7.5 1.2 2.4
Citosol and undefined structuresa 134 — 42 — — — —
Total 134 400 1503 — 3.8 — —

Controls
Me Ic 48 8.5 14 53.9 1.1 0.4 0.8
Me IIc 15 0.8 0 0 0 0 0
Me IIIc 17 3.8 0 0 0 0 0
Me IVc 6 0.3 0 0 0 0 0
ER c 47 2.8 2 43.8 0.9 0.9 1.8
G c 10 1.2 0 0 0 0 0
Mi c 38 8.6 0 0 0 0 0
Total 50 150 16 — 0.1 — —

B16 cells were fixed and embedded in LR-White resin as described in MATERIAL AND METHODS. Sections of about 80 nm thick were
placed on pioloform-coated grids and incubated with antibodies against myosin-V or under two control conditions (antibodies to myosin-V
preincubated with excess of myosin-V protein purified from chick brain or nonimmune rabbit IgG). Analyses were done on a total area of
400 mm2 for the myosin-V labeling and 150 mm2 for the controls, on randomly taken photographs, by using the program UTHSCSA
ImageTool on a Pentium computer. Spatial measurements were calibrated based on a photograph, taken at the same magnification, of a
diffraction grating replica with square pattern of 0.463 mm of distance between the limiting lines. Selection of the organelle area was done
manually with the computer mouse. All gold particles in the fields were counted and computed as being associated with a defined organelle,
whenever they were on top or a few nanometers close to the organelle. Identified organelles were melanosomes at stages I (MeI), II (MeII),
III (MeIII), and IV (MeIV); ER; Golgi apparatus (G); and mitochondria (Mi). c indicates control groups. SD (standard deviation) and interval
of confidence were obtained by analysis of variance (Anova Single Factor analysis tool) in the Microsoft Excel.
aThis group was not included in the analysis of variance.
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Figure 1. Immunofluorescence stain-
ing of myosin-V in nonstimulated B16
melanoma cells, with affinity-purified
anti-myosin tail (A, C, E, and G).
Control staining using a primary anti-
body that was preadsorbed with an
excess of purified brain myosin-V (I).
Micrographs showing phase-contrast
images (B, D, F, H, and J). Note intense
staining at regions containing melano-
some aggregates seen as dark granules
by phase-contrast microscopy. Bar,
30 mm.
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was preadsorbed with an excess of purified brain my-
osin-V (Figure 1I).

B16 cells respond to a-MSH by acquiring a differ-
entiated morphology, characterized by a prominent
dendritic arborization and intense melanization when
cultured in the presence of l-tyrosine. We therefore
investigated the myosin-V distribution by immunoflu-
orescence studies on B16 cells cultured in DMEM (con-
taining 176 mg/l l-tyrosine) and stimulated with a-
MSH/IBMX in comparison with nonstimulated
cultures (Figure 2). Under a-MSH stimulation, cells
become highly branched and show intense granular
staining by anti-myosin-V, remarkably within its cel-
lular extensions and at the perinuclear region (Figure
2B).

Immunofluorescence Localization of Myosin-V in
Stimulated B16 Cells Using Confocal Microscopy
To further investigate the localization of myosin-V
and melanosomes, we performed double labeling on
a-MSH-stimulated B16 cells with the anti-myosin-V
tail antibody and a monoclonal antibody, HMB-45,
directed against a melanosomal epitope described to
reside primarily on melanosomes at stages I-III (Sturtz
and Dabbs, 1994). Besides the punctate perinuclear
staining (Figure 3, A and B), the myosin-V staining
(green) was prominent throughout the cell cytoplasm,
being especially concentrated at the dendrite tips (sat-
urated staining is seen as white dots at the cell periph-
ery (Figure 3A). The melanosome staining (red) gave
the expected granular distribution throughout the cy-
toplasm and, in contrast to myosin-V, showed satu-
rated staining more within the cell boundaries, away
from the periphery (Figure 3C, white dots). Partial
superimposed labeling was observed, especially at the
dendrites and at the lamellar extensions (Figure 3, E
and F). Typically, myosin-V staining presents a finer
and slightly elongated granular pattern which, al-
though partially overlapping with the HMB-45 stain-
ing (see yellow dots at one end or on top of larger red
dots; Figure 3, E and F), is also clearly distinct from the
melanosomal staining. This pattern may be due to the
association of myosin-V with other cytoplasmic or-
ganelles or filamentous structures surrounding the
melanosomes.

A high-magnification single-optical section obtained
from branches of heavily pigmented cells is shown in
Figure 4. Bright patches of myosin-V staining are co-
incident with melanosomes (indicated by arrows) or
are located surrounding groups of melanosomes.
Some melanosomes, although, do not show myosin-V
staining (Figure 4, arrowhead).

Subcellular Fractionation of B16 Tumors and
Determination of Myosin-V Distribution
To investigate the association of myosin-V with mela-
nosomes, subcellular fractionation of B16 tumors lead-
ing to melanosome-enriched fractions was under-
taken. Samples from each step in the procedure were
analyzed by SDS-PAGE (Figure 5, a and d) and by
Western blots for myosin-V (Figure 5, b and e). Quan-
tification analysis of these data, obtained as described
in MATERIAL AND METHODS, is shown in Figure 5,
c and f. The graphics represent the relative distribu-
tion of myosin-V throughout the fractions in nano-
gram of myosin-V per microgram of total protein. It is
important to point out that the myosin-V quantifica-
tion shown herein is based on the Western blot signal
obtained for purified chick brain myosin-V, which
may result in the underestimation of the amount of
mouse myosin-V due to possible species specific
epitopes. The results obtained herein indicated that
myosin-V constitutes about 0.2 mg/g of total protein
in these tumors (Figure 5c), which is within the range
of a previous estimate of myosin-V content in brain
(Cheney et al., 1993).

We verified by differential centrifugation that myo-
sin-V was distributed roughly equally, based on vol-
ume stoichiometry, between the low-speed superna-
tant (S1) and pellet (P1). Upon centrifugation of S1 at
11,000 3 g, a significant amount of myosin-V sedi-
mented with P2, although more than half of myosin-V
protein remained in the supernatant S2, which still
contains microsomes and other small vesicles. Ultra-
centrifugation of S2 resulted in most of the myosin-V
protein coming down in pellet P3. As shown in Figure
5, these fractions were analyzed based on equal pro-
tein loading to determine the relative enrichment of
myosin in each fraction. Although myosin-V is present
in all fractions, this analysis revealed that it is more
than twice enriched in the pelleted fractions relative to
the supernatants. About equal enrichment was ob-
served in the nuclear fraction (P1); in the LGF that
contains the melanosomes, mitochondria, and lyso-
somes (P2); and in the ultra-speed pellet (P3) that
contains microsomes and other small vesicles and
plasma membrane (Figure 5, a–c). These data suggest
that myosin-V is mostly associated with particulate
fractions in the B16 cells.2 Myosin-V was detected in
all fractions collected from a sucrose density gradient

2 These centrifugations were done in the presence of 5 mM ATP,
and because myosins characteristically dissociate from micro-
filaments under these conditions, one might expect that associ-
ation with other particulate components is responsible for the
myosin-V sedimentation. However, recent biochemical data
question this rational for myosin-V, which has been shown to
cosediment with filamentous actin in vitro even in the presence
of 10 mM ATP (Nascimento et al., 1996). Thus, we cannot yet
distinguish between direct association of myosin-V to particu-
late fractions versus actin-linked association.
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Figure 2. Comparison between nonstimulated (A) and a-MSH-stimulated (B) B16 cells revealed by myosin-V staining. The same concen-
tration of the anti-myosin-V tail was used for both. The photographs were taken by using a 633 objective (A) and a 253 objective (B),
respectively. Exposure time was controlled in both cases to minimize saturation. Cells become larger and highly dendritic and myosin-V
staining appears more intense under a-MSH stimulation (B). Bars: A, 26 mm; B, 67 mm.
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Figure 3.
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(Figure 5), but it was significantly more enriched in the
dark melanosomal fractions (P and F1) and in the
fraction collected from the top of the gradient (F6).
Electron-microscopy analysis of the gradient fractions
indicated that the dark fractions (P and F1) were con-
stituted only by melanosomes mostly at stages III and
IV; fractions F2, F3, F4, and F5 also showed immature
melanosomes and fragments of melanosomes but
were rich in mitochondria (mainly found in F3) and
other membranes (our unpublished observations). The
F6 fraction that showed high enrichment in myosin-V
consisted mainly of membranes and vacuoles that
might represent stage I nonpigmented melanosomes,
some larger endoplasmic reticulum (ER) cisternae,
small dendritic fragments, and plasma membranes.

Immunogold Labeling of Myosin-V in B16 Cells
Immunogold labeling performed on ultra-thin sec-
tions of B16 cells showed gold particles on the mem-
brane of melanosomes at all stages of maturation, I, II,
III, and IV (Figures 6 and 7). Often gold particles were
found not directly on the membrane of the melano-
somes but a few nanometers away (Figure 6, c and e;
Figure 7, a–c, e, and g). This distance may be partially
due to diffusion of molecules during the preparation
for electron microscopy and partially due to the length
of myosin-V tail (calculated to reach ;75 nm; Cheney
et al., 1993). However, in some cases the localization of
the gold particles suggested association with vesicle-
like structures that were anchored to melanosomes
(Figure 6, c and e; Figure 7, c and i) or to filaments
surrounding the melanosomes (Figure 7, a, b, and e).
Figures 6 and 8 show several examples of immuno-
gold labeling on other organelles, including ER, Golgi
apparatus (G), and mitochondria (Mi). In all cases,
gold particles appear closely associated with the mem-
brane of the organelle and ER labeling was frequently
found at the tip of an expansion of the cisternae (Fig-
ure 6a; Figure 8, c and d). Rarely, we observed labeling
of dense particles 60–80 nm in diameter as seen in
Figure 6d (more often seen with LX-112 embedding).
Table 1 and Figure 9 compile the quantification anal-
ysis of the immunogold labeling. The total number of

gold particles counted was 1503 on a total area of 400
mm2 represented by 134 randomly taken photographs
from approximately 100 cells on eight different grids.
The most striking result was that the ER had the
highest density of gold particles (;57 particles/mm2),
accounting for 32% of the total gold particles counted.
Another 55% was associated with melanosomes in-
cluding all stages. Surprisingly, among the melano-
somes, stage I melanosomes had the highest density
(;35 gold particles/mm2) and accounted for 35% of
the total particles counted. Melanosomes at stages II,
III, and IV and the Golgi apparatus showed a density
of ;11–16 particles/mm2. The lowest density was as-
sociated with mitochondria (6.6 particles/mm2). Con-
trols were performed by preincubating the primary
antibody with excess of purified brain myosin-V (an
example is shown in Figure 6f) or by replacing the
primary antibody with a nonimmune rabbit IgG. Pho-
tographs from both controls (LR-White resin) were
included in the quantification analysis shown in Table
1 and Figure 9. In a total of 150 mm2 analyzed for the
controls (;30 cells on four grids), 16 gold particles
were counted (0.1 particle/mm2 as opposed to 3.8
particles/mm2 for the anti-myosin-V), most of them
close to or randomly found on top of stage I melano-
somes, perhaps due to the high frequency of these
organelles in the sections analyzed.

We must indicate that usually only 40–60% of mela-
nosomes, ER, or Golgi cisternae and 25% of the mito-
chondria, which were recognized morphologically,
were found to be labeled. This fact accounts for the
elevated SD shown by the analysis of variance (Table
1 and Figure 9).

Western Blot Analysis of Myosin-V Expression in
Nonstimulated and a-MSH-stimulated B16 Cells
Visual analysis of the immunofluorescence of myo-
sin-V in nonstimulated and stimulated B16 cells sug-
gested that myosin-V expression increases under stim-
ulation with a-MSH–IBMX (Figure 2). This led us to
investigate the relative amount of myosin-V in a-
MSH-stimulated versus nonstimulated cells in com-
parison to that of conventional myosin II. Figure 10
shows a Western blot containing equivalent amounts
of protein in serial dilutions of whole homogenates
from mouse brain and nonstimulated and stimulated
B16 cells, respectively, which was probed with anti-
bodies against myosin-V and myosin-II. The myosin-V
expression is considerably higher in the stimulated
cells than in brain or in nonstimulated B16 cells. On
the other hand, myosin-II staining was about the same
in all three cases. Comparative measurements of the
area of the bands and densitometry indicated that
a-MSH–IBMX stimulation for 3 d induced an approx-
imated fourfold increase in the amount of myosin-V in
the B16 cells, whereas no significant variation in my-

Figure 3 (facing page). Confocal microscopy of double labeling
immunofluorescence of myosin-V (green) and a melanosomal anti-
gen (red) in a-MSH-stimulated B16 melanoma cells. (A and B)
Anti-myosin-V was detected with fluorescein-conjugated goat anti-
rabbit IgG. (C and D) Monoclonal antibody HMB-45 was detected
with Texas red-conjugated goat anti-mouse IgG. (E and F) Super-
imposition of A and C and of B and D, respectively. (G and H) DIC
images. Saturation of staining is denoted in white. Note the intense
branching characteristic of the stimulated B16 cells and the granular
staining of myosin-V throughout the cytoplasm, especially pro-
nounced at the tips of dendrites. Notice, also, the superimposed
staining of myosin-V and melanosomes (yellow) mainly at the den-
drites or lamellar extensions. Bars, 15 mm.
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osin-II levels was observed. Thus, a specific increase in
myosin-V expression accompanies the stimulation of
these cells by the a-MSH–IBMX treatment.

DISCUSSION

Previous studies have demonstrated that the dilute
mouse melanocytes show defective morphology and
abnormal distribution of their pigmentary granules
(Silvers, 1979; Koyama and Takeuchi, 1981). The dem-
onstration that the dilute gene encodes for myosin-V
led to the hypothesis that this myosin is required for
melanosome transport or formation and maintenance
of dendrites (Mercer et al., 1991a,b). The striking ag-
gregation of the melanosomes at the perinuclear re-
gion in dilute melanocytes (Koyama and Takeuchi,
1981; Provance et al., 1996) was suggestive that myo-
sin-V could be the molecular motor that translocates
the melanosomes from the cell center out to the den-
dritic extensions. In the present studies, we provide a
detailed description of the subcellular localization of
myosin-V in a melanocyte-derived cell line, B16-F10,
which is wild-type for myosin-V. These cells respond
to a-MSH with a dramatic change in phenotype, in-
cluding an intense arborization and melanization, an
accumulation of melanosomes at the cell periphery
and an increase in the amount of myosin-V (Figures 2,
3, and 10). When grown as subcutaneous tumors in
mice, they yield sufficient cellular mass for biochemi-
cal studies, therefore, providing an interesting model
for addressing myosin-V functions in melanocytes.
Our data are strongly suggestive of a complex role for
myosin-V involving its association with melanosomes
and other cytoplasmic organelles and the cytoskele-
ton.

We show herein that the immunofluorescence stain-
ing of myosin-V in B16 cells is partially superimposed
on or closely surrounding many melanosomes, al-
though a distinct labeling pattern was observed when
compared with the one provided by the melanosomal
marker antibody HMB-45 (Figure 3). Similar colocal-
ization of myosin-V and melanosomes in primary cul-
tures of dilute and wild-type mice was reported by
Provance et al. (1996) and, most recently, in several
mouse melanocyte cell lines, by Wu et al. (1997). Be-
cause melanosomes at all stages of maturation have
been found within the dilute melanocyte, (Silvers,
1979), the consensus is that myosin-V does not play a

Figure 4. Single plane confocal image of a melanosome-filled cel-
lular extension of a stimulated B16 cell. (A) Anti-myosin-V detected
with fluorescein-conjugated goat anti-rabbit IgG. (B) DIC image. (C)
Superimposed fluorescence (red) and DIC (green) images shown in
A and B, respectively. Arrows indicate examples of myosin-V stain-
ing overlapping with melanosomes. Arrowheads indicate absence
of myosin-V staining in a region corresponding to a melanosome.
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role in the process of melanosome maturation but
rather has a more direct role in the transport or teth-
ering of melanosomes. In further support of a close
association between myosin-V and melanosomes, sub-

cellular fractionation of melanoma tumors showed an
enrichment of myosin-V in melanosome subfractions
(Figure 5). Immunogold labeling of myosin-V also
clearly showed an association of gold particles with

Figure 5. Distribution of my-
osin-V in subcellular fractions
of B16 tumors prepared by dif-
ferential centrifugation and
fractionation on a sucrose den-
sity gradient. Silver-stained
gels (a and d) and Western
blots probed with anti-myo-
sin-V tail and revealed by
chemiluminescence (b and e)
are shown. (a and b) Gels con-
tain total homogenate (H),
postnuclear supernatant (S1),
nuclear fraction (P1), 11,000 3
g supernatant (S2), pellet (P2),
80,000 3 g supernatant (S3),
and pellet (P3) after ultracen-
trifugation of S2 for 6 h, in a
Ti50 rotor. (d and e) Gels con-
tain the fractions collected
from the fractionation of the
LGF on a sucrose density gra-
dient (P denotes the dark pel-
let and fractions 1–6 are from
decreasing sucrose concentra-
tions, respectively). Me, frac-
tions containing purified
melanosomes; St, molecular
weight standards. (c and f)
Quantification of the myo-
sin-V protein in the fractions
analyzed, based on the inte-
grated density measurements
on the images shown in a and
b and in d and e, respectively.
Note that the amounts of my-
osin-V were estimated based
on the signal obtained for pu-
rified chick brain myosin-V on
Western blots, as described in
MATERIAL AND METHODS.
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Figure 6. (a–e) Immunogold labeling of myosin-V in B16 cells, embedded in LX-112 resin, with affinity-purified anti-myosin-V tail at 160
mg/ml and a secondary antibody conjugated to 10-nm gold particles. (f) Control labeling with the primary antibody preadsorbed with excess
of purified brain myosin-V. Melanosomes at stages I, II, III, and IV, mitochondria (MI), small vesicles (arrowheads), Golgi (G), and
endoplasmic reticulum (ER) are indicated. Bars, 0.3 mm.
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melanosomes (Figures 6 and 7). Thus, the data are
consistent with the hypothesis of myosin-V being a
motor for melanosomal translocation.

Although one might speculate that the low pro-
cessivity of myosins, as opposed to kinesins (Rom-
berg and Vale, 1993), would make the myosin motor
unsuitable for organelle transport, it was shown
several years ago that algae myosin can effectively
support organelle movement (Kachar and Reese,
1988). More recently, evidence is accumulating that

the unconventional myosins are indeed associated
with organelles and motility (Bearer et al., 1993; Fath
et al., 1994; Langford et al., 1994; Mermall et al., 1994;
Evans and Bridgman, 1995; Hasson and Mooseker,
1995; Mermall and Miller, 1995; Simon et al. 1995).
Also, recent biochemical evidence indicates that my-
osin-V remains partially attached to actin filaments
in spite of the presence of ATP, and its Mg-ATPase
activity is maximally activated at very low actin
concentrations (Nascimento et al., 1996), properties

Figure 7. Immunogold labeling of myosin-V in B16 cells embedded in LR-White resin, with affinity-purified anti-myosin-V tail at 160 mg/ml
and 10-nm (a–c, e, h, k, and l) or 18-nm (d, f, g, i, and j) gold particles conjugated secondary antibody. Several examples of labeling on or
close to melanosomes at stages I, II, III, and IV are shown (arrowheads). Note that labeling is also seen on filaments (a, b, and e) or vesicular
structures (c and i) associated with melanosomes. Bar, 0.24 mm.
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Figure 8. Immunogold labeling of myosin-V in B16 cells embedded in LR-White resin, with affinity-purified anti-myosin-V tail at 160 mg/ml
and 10-nm (b and g) or 18-nm (a, c–f, h, and i) gold particles conjugated secondary antibody. Several examples of labeling on ER (a–e), Golgi
(G; g-i), and mitochondria (MI; b, f) are shown (arrowheads). Bar, 0.24 mm.
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that are consistent with those of a motor expected to
translocate organelles.

On the other hand, it is curious that the superim-
posed labeling of myosin-V and melanosomes is more
readily detected at the cell periphery, especially in the
stimulated cells (Figure 3). If myosin-V is the molec-
ular motor that transports the granules from their sites
of synthesis to the dendritic tips, why do we not
observe a more uniform superimposed labeling of
myosin-V and melanosomes throughout the cyto-
plasm? A possible explanation is that the translocation
of melanosomes may be a two-step process in which
microtubule-based translocation of the melanosomes
occurs from the cell center to the cortical region, where
actin-based motility takes over with myosin-V as a
motor. Involvement of microtubule-dependent move-
ment of pigment granules has been demonstrated in
other cells and organisms (Rodionov et al., 1994). Or-
ganelle translocation from microtubules to microfila-
ments has been demonstrated by Kuznetsov et al.
(1992) in extruded axoplasm from the squid axon.
Evans et al. (1997) showed that myosin-V-associated
organelles in growth cones are present on both micro-
tubules and actin filaments, suggesting that myosin-V
may be carried as a passenger on organelles trans-
ported by microtubule-based motors; these organelles
may then switch to movement along actin filaments in
regions devoid of microtubules. A transition from mi-

crotubule- to actin-based motility may be crucial to the
dynamic events that must take place within the mela-
nosome-loaded dendrites for their transfer to the en-
gulfing keratinocytes. Another possibility is that my-
osin-V may play a role at the dendritic tips in the
anchorage of melanosomes to specific sites on the
apical plasma membrane and in the dynamic organi-
zation of the apical actin cytoskeleton. This may be
analogous to the specific role suggested for myosin-V
in the extension of neuronal growth cone filopodia by
Wang et al. (1996).

A striking aspect of our data is the high-density
labeling of immature stage I melanosomes and the
aspect of the gold-particle distribution forming vesi-
cle-like shapes associated or close to melanosomes.
This observation is consistent with myosin-V being
involved in the targeting of components that link the
melanosomes to the transport process or have a more
general role in the process of biogenesis. Therefore, it

Figure 9. Subcellular distribution of myosin-V immunogold label-
ing in the cytoplasmic organelles identified in B16 cells. The graphic
shows the average density of gold particle on a given type of
organelle (average number of gold particles/mm2 of organelle area).
The organelles represented on the X-axis are melanosomes at stages
I (Me I), II (Me II), III (Me III), and IV (Me IV); ER; Golgi apparatus
(G); and mitochondria (Mi). c indicates controls.

Figure 10. Immunoblotting analysis of myosin-V and myosin-II
expression in nonstimulated and a-MSH-stimulated B16 cells. Im-
munoblots containing total homogenates of mouse brain and non-
stimulated and a-MSH-stimulated B16 cells probed with antibodies
against myosin-V (M-V) and brain myosin-II (M-II), respectively.
Homogenates were prepared as described in MATERIALS AND
METHODS. Lanes 1–4 contain 8, 4, 2, and 1 mg of protein, respec-
tively. Western blots were developed by chemiluminescence. An
equivalent silver-stained gel, except that half of the amounts of
protein were applied, is shown below. St, molecular weight stan-
dards.
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might be worthwhile, with the new molecular tools, to
investigate subtle structural defects on the dilute mela-
nosomes.

Another remarkable finding of our studies is that a
large fraction of myosin-V in B16 cells is not associated
with melanosomes. Subcellular fractionation shows
that more than half of the myosin-V sediments with
the nuclear fraction. From the postnuclear superna-
tant, more than half remains in the 11,000 3 g super-
natant after sedimentation of the crude melanosome
fraction. Furthermore, myosin-V present in this latter
supernatant was not free, because it was almost en-
tirely pelleted by ultracentrifugation, suggesting its
association with lighter membranes and organelles
(Figure 5). Immunoelectron microscopy showed gold
particles on ER and Golgi cisternae, on the mitochon-
drial membrane, on filaments, and sometimes forming
circular shapes with a diameter of about 70 nm close to
ER cisternae or associated with melanosomes (Figures,
6–9; Table 1). The high density of immunogold label-
ing of myosin-V on the ER membrane is particularly
interesting. Recent reports that ER compartments are
missing in the dendritic spines of Purkinje cells in the
cerebellum from the ataxic mutant rat dilute-opisthoto-
nus (dop; Dekker-Ohno et al., 1996) and from the dilute-
lethal (dl) mouse (Takagishi et al., 1996) suggest that
myosin-V may work as a motor for the translocation of
ER compartments perhaps at specific regions of the
cytoplasm. The abundance of myosin-V labeling on
the ER and other organelles shown herein may also
reflect a role in the targeting of components between
ER and Golgi, melanosomes, and even mitochondria.
Evidence from the yeast myosin-V mutants supports
the notion of a role for myosin-V in membrane and
component-specific targeting. Early, but not late, SEC
genes are involved in the formation of the subset of
vesicles that accumulate in the mother cell in the
myo2–66 mutant at the restrictive temperature, sug-
gesting a defect in Golgi inheritance (Govindan et al.,
1995). Also, the myo4 mutant is defective in localiza-
tion to the daughter cell of a repressor of mating type
switching (Bobola et al., 1996).

Because the normal cellular distribution of ER cis-
ternae is known to be dependent on microtubules and
kinesins, one must consider the possibility that myo-
sin-V plays a regulatory role on microtubule-depen-
dent motility. In yeast, the demonstration that the
kinesin-related protein Smy1p, when overexpressed,
can suppress the myo2–66 phenotype and that the
double mutant myo2/smy1 is synthetically lethal (Lil-
lie and Brown, 1992, 1994) led to the hypothesis of
overlapping or interacting functions between the actin
and microtubule cytoskeletal components. This hy-
pothesis has gained attention with the recent report by
Espindola et al. (1996) showing that myosin-V might
share the 10 K light chain with cytoplasmic dynein.
Indeed, a second striking feature of the subcellular

localization of myosin-V shown herein is the fine
punctate and fibrous texture of myosin-V immunoflu-
orescence staining at the perinuclear region with a
bright dot at the centrosome (Figures 1A and 2A).
Similar labeling in a variety of cells and colocalization
with the centrosome has been verified (Espreafico,
Coling, Kalinec, and Kachar, unpublished results).
This intriguing finding suggests that myosin-V may
also play a role in the organization of the cytoskeleton
from the centrosomal region in these cells, and a dis-
ruption of this organization in dilute melanocytes may
explain why there is such a dramatic accumulation of
melanosomes toward the cell center. Further studies
on the cytoskeleton organization in wild-type and di-
lute melanocytes are needed to clarify this point.

The relative amount of myosin-V is increased sev-
eralfold upon stimulation of the B16 cells with a-MSH
and IBMX. In contrast, the myosin-II content in the
same samples does not change (Figure 10). Thus, ei-
ther the dilute gene expression is activated or the deg-
radation of the myosin-V protein is inhibited by the
activation of the cAMP signaling pathway. In any case
these results provide additional evidence of a primary
role for myosin-V in the process of differentiation and
cellular organization in melanocytes.

In summary, our data provide a detailed description
of myosin-V immunolocalization at the level of light
and electron microscopy in a melanocyte-derived cell
line, which is consistent with the hypothesis that my-
osin-V might act as a melanosome translocator. The
data presented also strongly suggest a more complex
role for myosin-V in these cells than previously rec-
ognized, which may include targeting and regulatory
functions on other organelles and/or cytoskeleton dy-
namics.
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