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I:%TRODUCTION

Mice with mutations at the dilute locus, which encodes the
heavy chain of atype V unconventional myosin (Mercer et al.,
1991), exhibit a defect in hair coloration (Jackson, 1994;
Silvers, 1979). This coat color defect is seenin all of the over
200 recessive mutant d alleles identified to date. These
mutations include a single allele associated with the integra-
tion of an ecotropic murine leukemiavirusinto the dilute locus
(Jenkins et a., 1981), which isreferred to as dilute viral or
and alarge number of spontaneous and induced alleles, why
are referred to collectively as dilute lethal or d\ because they
also exhibit apparent neurological defects t esult in the
death of juvenile animals (Strobel et a., 1990). The coat color
defect caused by these alleles is very evident on a nonagouti
background, where the coat appears gray instead of black, but
d aleles also cause the ‘dilution’ of brown and yellow coats.
The pigments (melanins) that are responsible for the col-
oration of mammalian hair (and skin) are produced within
melanocytes, which are dendritic cells of ectodermal origin
that reside near the base of the hair bulb and within the bottom-
most laxer of the epidermis (for review, see Boissy, 1988;
Heari d King, 1993; Jimbow et al., 1993). These cells are
responsible for delivering pigment, viatheir extensive dendritic

arbor, to numerous keratinocytes, the principal cell type of hair
and skin, as these keratinocytes migrate into the hair shaft
proper and to the skin surface. The synthesis of melanins
occurs entirely within a specialized organelle of the
melanocyte, the melanosome. Melanosomes first appear in the
centra cytoplasm as pigmentless vesicles containing
prominent internal striations. These premelansomes, as they
are often called, gain the capacity to synthesize melanin only
after the incorporation into their limiting membrane of severa
melanogenic enzymes, one of which is tyrosinase-r -
protein-1 (TRP1). At this point, melanin polymer b to
accumulate, leading to melanosomes in which interna
structure is at first partially obscured (lightly melanized), and
then fully obscured (fully melanized). These latter
melanosomes, which appear completely black in both light and
electron micrographs, are the end product that melanocytes
provide keratinocytes. This process of melanosome maturation
is coupled with the movement of the organelle from the cell
body to the tips of the cell’s dendrites, which appear to be the
sole sites of melanosome transfer to keratinocytes.

Previous studies have shown that dilute mice contain normal
numbers of follicular and epiderma melanocytes, that these
melanocytes synthesize normal amounts of melanin pigment,
and that melanosome biogenesis is normal at the ultrastructural
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level in dilute melanocytes (for review, see Silvers, 1979,
Jackson, 1994). These facts, and the fact that essentially all of
the visible coloration of mammalian hair and skin requires the
transfer of melanosomes to keratinocytes, together suggest that
coat color dilution is caused by a myosin V-related defect
somewhere between the biogenesis of this organelle and its
transfer to keratinocytes. One candidate defect, which has gained
widespread acceptance in the literature as the underlying cause
of coat color dilution, is that dilute melanocytes are adendritic
(reviewed by Silvers, 1979). The aberrant distribution of pigment
evident in unstained preparations of mutant skin, hair follicles
and Harderian gland (clumped rather than dispersed), which has
formed the basis for this conclusion, can aso be explained,
however, by a defect in the outward transport of melanosomes
within melanocytes of normal shape. Either type of defect would
lead to abnormalities in the transfer of melanosomes to ker-
atinocytes, resulting in coat color dilution. It is not clear from
images of unstained tissues, therefore, whether myosin V
functions in melanocytes in the formation and/or maintenance
of polarized cell shape, or in melanosome transport.

In an effort to further define the function of myosin V in
melanocytes, we sought in this study to determine by
immunolocalization whether myosin V associates with
melanosomes. To accomplish this, we generated two poly-
clonal antibodies against different portions of the myosin V
heavy chain encoded by dilute. These isoform-specific myosin
V antibodies were used in conjunction with phase microscopy,
which revedled the positions of heavily-melanized
mglanosomes, and antibodies against TRP1, which revealed

only end-stage melanosomes, but Aghtly-melanized
melanosomes and compartments involved he delivery of
TRP1 to melanosomes (both of which are invisible in phase
images). These antibodies, together with antibodies to various
membrane compartments and a fluorescent probe for actin
filaments, were used to stain a variety of mouse melanocyte
cell lines, including a transformed mouse melanoma cell line
(B16-F10) and two nontransformed but immortal mouse
melanocyte cell lines (B10BR and melan-a). Our finding that
myosin V does associate with melanosomes supports the idea
that the coat color defect is caused by the absence within dilute
melanocytes of a myosin V-dependent melanosome transport
system. These results link a well-characterized unconventional
myosin (Brokerhoff et &/ N994; Cheney et al., 1993;
Espreafico et al., 1992; Govidan et al., 1995; Johnston et al.,
1991; Larson et al., 1990; Lillie and Brown, 1994; Mercer et
al., 1991; Mooseker and Cheney, 1996; Wolenski et a., 1995)
with a known organelle. Furthermore, this connection is made
within a cell type where it now appears from analyses of the
phenotype of dilute melanocytes in vitro that the absence of
this myosin results in a significant disruption in the transport
of the organellein vivo (Koyamaand Takeuchi, 1981; Provance
et al., 1996; Wei et a., 1997), thereby lending additional
support to the idea that myosin V serves as an organelle motor

in these cells. f

MATERIALS AND METHODS j

Melanocyte cell lines

The mouse melanoma cell lines B16-F10 (D/D,B/B) and S91
(dv/dV,b/b) were obtained from Dr Vince Hearing (NCI, NIH) and the

American Type Culture Collection (CCL 53.1), respectively, and were
grown in low-tyrosine Ham’'s F10 medium (American Bioorganics,
#N-6100) supplemented with 10% horse serum (Gibco, #26050-013),
2% fetal calf serum (Gibco, #16140-063) and 1% (v/v) penn/strep
(Gibco, #15070-014). The nontransformed but immorta mouse
melanocyte cell line B10BR, which was isolated from the skin of a
B10BR (D/D, B/B) mouse (Tamura et al., 1987), was kindly provided
(in its 26th passage) by Dr Ruth Halaban (Yale University, New
Haven, CT), and was cultured in the same medium as above, except
with the addition of 85 nM tetradecanoyl phorbol acetate (TPA)
(Sigma, #P8139) and 0.1 uM dbcAMP (Sigma, #D0627). The nan-
transformed but immortal mou%anocyte cell lines melan-a

B/B, C/C), melan-b (D/D, bib, ), and melan-c (D/D, B/B, c/c
(Bennet et a., 1987, 1989) were obtained from Dr Dorothy Bennett
(St George's Hospital Medical School, London) and were cultured in
minimum essential medium (Gibco, #41600-016) supplemented with
5% fetal calf serum, 1% (w/v) sodium pyruvate, 700 yM sodium
bicarbonate, 0.7 uM 2-mercaptoethanol, 1% (v/v) penn/ and 0.2
UM TPA. To ce pigmentation in B16-F10 cells, @pha
melanocyte-stimulating hormone (Calbiochem, # 05-23-07 \yas
added at a final concentration of 0.2 up.

Primary melanocyte culture

Short-term cultures of primary melanocytes were prepared from the
epidermis of individual newborn mice by the method of Tamura et a.
(1987). Control melanocytes were prepared from the skins of
C57BL/6J (D/D) pups, while dilute null melanocytes were prepared
from the skin of C57BL/6J pups that were homozygous for the dilute
lethal alele di2% (Strobel et a., 1990). These latter pups were
obtained by ing heterozygous parents of the genotype d'2%9/d'se
(agenerous gift from Dr Neal Copeland and Dr Nancy Jenkins, NCI,
A, and were distinguished from their di?%/dvse and d¥se/dVse lit-
termates based on western blot analyses rmed usi myosin
V antibody PDIL-1 on whole brain extracts prepared from pups at the
time of sacrifice for primary melanocyte cultivation. Only the brains
of homozygous d¥% pups are devoid of detectable myosin V heavy
chain protein ( \0- DIA

Antibodies

To generatet herichia coli fusion proteinsthat were used to raise
myosin V antibodies, a cDNA clone that spans the C-terminal ~75%
of the dilute heavy chain was isolated from a mouse brain Aqt10
cDNA library. Antibody DIL-1 was raised against a TRPE n
protein containing myosin V heavy chain residues 1,259 to 1,853
(numbering from Mercer et a. (1991), except that residues 1,387-
1,411 (exon F in Seperack et a., 1995), which are not normally
present in the major spliced isoform in brain, were not in our cONA).
Antibody DIL-2 was raised against a GST fusion protein containing
myosin V heavy chain residues 910-1,106, which correspond to the
first segment of a helical coiled-coil in the central rod domain. The
generation and purification of these fusion proteins, the immuniza-
tions of xabbits, and the purification of crude DIL-1 serum by repeated
adsor@ against nitrocellulose filters to which whole cell extracts
from melanocytes were bound (minus the region from ~185 kDa
to ~195 kDa), were performed as described previously (Jung et a.,
1993, 1996). The minimum concentrations of PDIL-1 and DIL-2 that
were necessary to give bright staining of B16-F10 cells were dgrter-
mined by titration (~1:10 for PDIL-1, which correspondsto an ~
dilution of DIL-1 serum when one includes the ~40-fold diTution
involved in purifying DIL-1; ~1:300 for DIL-2). Rabbit polyclonal
antibodies to mannosidase |1 and TRP1 (PEPL) (Jimenez et al., 1989)
were gifts from Dr Kelly Moreman (University of Georgia, Athens,
GA) and Dr Vincent Hearing (NCI, NIH), respectively, and were used
in immunofluorescence experiments at dilutions of 1:500 and 1:100,
respectively. Mouse monoclonal antibodies to TRP1 (MEL5) and the
endoplasmic reticulum marker BiP were from Signet Laboratories
(#81K0-01) and StressGen Biotechnologies (#5PA-827), respectively,
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[  JOCES_ 110_ 7_ 847F1. tif] Fig. 1. Immunoblot analyses of the TRP1 antibodies PEP1 and MEL5 ( A) and the myosin V antibodies DIL- 1 ( B) and DIL- 2 ( C). The melanocyte whole cell extracts that were used throughout are shown in lanes 1- 4 ( Coomassie blue stain). The nature of each sample and the antibody used to probe it are indicated above each lane.

undefined
were used at the following dilutions: DIL- 1, 1: 60,000; PDIL- 1, 1: 1,500; DIL- 2, 1: 80,000; PEP1, 1: 10,000; MEL5, 1: 5,000. Whenever lanes are meant to be directly compared, the same amounts of protein were loaded. The molecular mass markers ( shown as hash marks) are 200 kDa, 116 kDa, 94 kDa, 67 kDa, and 43 kDa from top to bottom, respectively. Lanes 24 and 25 show blots of brain extracts from D/ D and d v / d v pups, respectively. Laser densitometric scanning indicated that the brains of d v / d v mice contain ~ 50% of the normal level of myosin V ( n= 3). This result, together with the fact that S91 melanocytes ( d v / d v ) ( lane 23) and the brains of d 120J / d 120J pups ( lane 15) are devoid of myosin V, confirm at the protein level the explanation for the tissue- specific expression of the dilute phenotype in d v / d v animals ( based on an analysis of RNA transcripts; Seperack et. al, 1995). Lane 26 shows a blot ( probed with DIL- 2) of the melanosome- rich subcellular fraction present at the 1.8/ 2.0 M sucrose interface ( see Materials and Methods). This fraction was subsequently diluted threefold with gradient buffer containing 0.25 M sucrose and spun at 40,000 g for 15 minutes at 4° C to pellet melanosomes. The pellet was resuspended in a volume of gradient buffer equal to that of the original fraction and a sample equal in volume to that in lane 26 was probed with DIL- 2 ( lane 27). Laser densitometric scanning indicated that ~ 91% of the myosin V present in the original 1.8/ 2.0 M fraction pelleted with the melanosomes ( n= 3). < H2> Antibodies
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and were used at dilutions of 1:50 and 1:200, respectively. when fluorescein and Texas Red were paired (which is what was used
Rhodamine-phalloidin (Molecular Probes, #R415) was used at afinal in al of the myosin V/TRP1 images presented in this paper), but also
concentration of 30 nM. Goat anti-rabbit IgG secondary antibodies when fluorescein and rhodamine (whose emission peaks are even
were purchased from Molecular Probes (rhodamine, #T-2769; fly- closer together) were paired. Second, when we reversed the normal
orescein, #F-2765; Texas Red, #T-6391). Goat anti-mouse 'A fluorescent moiety used for myosin V and TRP1 (i.e. rhodamine or
secondary antibodies were from Jackson Immunoresearch (flyor- Texas Red for myosin V and fluorescein for TRP1), the staining
escein, #115-095-146; Texas Red, #115-075-146). All of the d patterns obtained corresponded to those of the primary antibodies.
staining experiments presented in this paper (except those dol ng Finally, when we crossed the primary/secondary antibody pairs (i.e.
rhodamine-phalloidin) were performed using FITC-conjugated goat goat anti-mouse secondary with rabbit primary and vice versa) we saw

anti-rabbit and Texas Red-conjugated goat anti-mouse secondary anti- no evidence of cross-species reactivity.
bodies at dilutions of 1:200 and 1:100, respectively. The Cy5-1 ]
anti-mouse secondary antibody used in Fig. 8 was purchased from Imnunoelectron microscopy
Amersham (# PA45002) and used at a dilution of 1:500. ectron microscopic immunocytochemistry, BIOBR melanocytes
) were cultured in 8-well Permanox culture dides (Nunc, #70410). All
Ygem blotting procedures were carried out at room temperature on a platform rocke.
extracts were prepared by homogenizing individua brains in Melanocytes were fixed for 45 minutes in freshly prepared 4%

0.5 ml of buffer containing 50 mM Tris-HCl, pH 7.5, 3 mM MgCl», paraformaldehyde in PBS, washed 3 times for 5 minutes each in PBS,
1 mM EGTA, pH 7.5, 0.5 mM EDTA, pH 7.5, 0.5 mM PMSF, and 2 and blocked and permeahilized for 1 hour in PBS containing 5% normal
ua/ml leupeptin. To prepare whole cell extracts, confluent T75 flasks A%oat serum, 0.2% saponin, and 0.02% sodium azide (blocking buffer).
were washed with HBSS and incubated for 10 minutesin HBSS con- imary antibodies to myosin V (DIL-1) or TRP1 (PEPL) were diluted
taining 1 mM EDTA, pH 7.5, to detach the cells. Cells were coll in blocking buffer and incubated for 1 hour. The samples were washed
by centrifugation at 1,200 g for 5 minutes at 4°C and fully resus- for 5 minutes in blocking buffer and twice for 5 minutes each in diluted
pended in HBSS (~300 ul{confluent T75). To this cell suspension, and blocking buffer (1% normal goat serum, 0.1% saponin, 0.02% sodium
to the brain homogenatg% added an equal volume of SDS sample azidein PBS). Goat anti-rabhit 1gG coupled to 1.4 nm gold (Nanoprobes,
buffer (0.03 M Tris-HCI, pH 6.5, 10% (w/v) SDS, 5% (v/v) er- #2004) was diluted 1:133 in blocking buffer and incubation was for 1
captoethanol, 1 mM EDTA, pH 8.0, and 15% (w/v) sucrose) at % hour. The samples were washed 3 times for 5 minutes each in diluted
and the samples were boiled for 5 minutes. After cooling, the samples blocking buffer and twicefor 5 minutes each in 0.1 M sodium phosphate
were triturated four times through a 23 gauge needle to shear DNA. buffer (PB), pH 6.8, fixed for 30 minutes in 2% glutaraldehyde in PB,
Extracts were resolved by SDS-PAGE, transferred to nitrocellulose, washed 3 timesin PB, and stored overnight at 4°C. Silver enhancement
and processed for ECL-based western blotting (Amersham, #RPN of the 1.4 nm gold was carried out for 3 minutes according to the protocol
2108) as described previously (Jung et d., 1996). For quantitation, described by Burry (1995). Following 2 washes in PB, the cells were
ECL autoradiograms were scanned using a laser densitometer within post-fixed in 0.2% osmium tetroxide in PB for 30 minutes, dehydrated

the linear response range. in graded ethanols and embedded in a thin layer of Epon. Controls,
A which were carried out smultaneoudly in 2 wells of the 8-well culture
Immunofluorescence dlide, were treated identically except that the primary antibody was non

Célls plated on glass coverdips coated with gelatin (0.2%) (Sigma, immune rabbit serum or an irredlevant antibody (rabbit polyclonal
#G2500) were fixed for 15 minutes at room temperature in freshly- antibody to Acanthamoeba 3-hexosaminidase).

prepared 4% paraformaldehyde (Polysciences, #00380) in Pﬁﬁ ) ) A

cytoskeletal stabilization buffer (Conrad et al., 1993), washed With PBS, ~ Subcellular fractionation

and blocked for 30 minutes in three changes of PBS containing either A subcellular fraction that has been shown by electron microscopy to
10% fetal caf serum or 10% norma goat serum. Cells were then be highly enriched in end-stage melanosomes (Chakraborty et al.,
incubated sequentially for 1 hour each at room temperature with primary 1989; Orlow et a., 1990; Seiji et al., 1963) was obtained from B16-
and secondary antibodies diluted in blocking buffer containing 0.2% F10 melanocytes by discontinuous sucrose density gradient cqntrifu-
saponin (Sigma, #57900) for permeabilization (with awashing/blocking gation exactly as described by Seiji et a. (1993). The onI@ge
step in between). After a brief wash with PBS, the coverdips were from this now standard procedure was the inclusion in the gradient
mounted on glass dides using Slow Fade antifading mounting medium buffer of 1 mM DTT, 1 mM EGTA, pH 8.0, 25 mM KCl, and protease
(Molecular Probes, #5-2828). We note that we obtained staining patterns inhibitors (2 ua/ml each of AEBSF, leupeptin, TLPCK, TPCK, clay-
for myosin V and F-actin that were similar to those obtained using the mostatin p?fgn, and aprotinin). Briefly, B16-F10 cells (Yaﬁ
standard protocol above when cells were fixed in 4% paraformal dehyde substrain, which are heavily melanized on a constitutive basis; gift of

and 0.1% glutaraldehyde, treated with sodium borohydride, and perme- Dr Vincent Hearing, NCI, NIH) were broken by Dounce hamogen-
abilized in§00% acetone at —20°C for 1 minutes, or when cells were ization in modified gradient buffer, spun at 600 g for 5 min@i%,

fixed an eabilized by rapid freezing in liquid propane cooled to and the supernatant loaded on a discontinuous sucrose density

-140°C, followed by substitution into 99% methanol/1% formaldehyde gradient containing steps of 1.0, 1.2, 1.4, 1.55, 1.6, 1.8 and 20 M

at —20°C over a period of ~30 minutes (Rocklin et d., 1995). Samples sucrose. Following centrifugation at 100,000 g for 1 hour at 4°C, the

were viewed with a Zeiss Axioplan microscope equiped with the intensely black interface at 1.8/2.0 M sucrose containing end-stage

priate Zeiss barrier filters and with either a x@3 Phase 3 Plan-A melanosomes was collected and used for western blot analysis and
% Sing subsequent manipulations (see text). A

mat or a x100 Plan-Neofluar objective. |
either Koy~ \TMAX black and white film ASA) or Fujichrome
color film (1,600 ASA). The confocal images (1 wr sections) shown in

Fig. 8 were obtained using a Zeiss LSM 410 co microscope. RESULTS

Specia care was taken to eliminate the possibility that the striking
colocalization seen for myosin V and TRP1 in our double-stained
images was artifactual. First, we found that in samples which were
stained with myosin V antibody or TRP1 antibody aone, no flyor-

Antibodies to TRP1 provide reliable markers for
melanized melanosomes

escence was evident in the opposing channel, either visually o - Thesolefinal destination of the melanogenic enzyme TRP1, a
tographically (at exposures that gave a bright signal in the i type 1 membrane glycoprotein, is thought to be the limiting

channel). This lack of significant bleed-through was seen not only membrane of the melanosome (Hearing and King, 1993;
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Vijayasaradhi et a., 1995). To the extent that thisistrue, TRP1-
specific  antibodies could provide reliable melanosome
markers, which would facilitate efforts to define the rg ation-
ship between myosin V and this organelle. To invest&e the
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localization of TRP1, we made use of two established TRPI
antibodies. PEP1 is a rabbit polyclona antibody that was
generated against the cytoplasmic tail sequence of mouse
TRP1 (Jimenez et al., 1989). MELS5 is a mouse monoclonal
antibody that was generated against human TRP1 and that rec-
ognizes a highly conserved epitope within the catalytic dol
of TRPL. Fig. 1A, shows that these two antibodies are specific
for TRP1 in western blots of mouse melanocyte cell extracts.
Specifically, the only proteins recognized in B16-F10 and
B10BR melanocytes by both antibodies were a family of
polypeptides ranging in size from ~65 kDa to ~75 kDa, which
spans the size range for TRP1 from its unglycosylated to fully
glycosylated forms (Fig. 1, lanes 5-8; similar results were
obtained with extracts of melan-a cells). Furthermore, these
proteins were not seen in extracts from melan-b cells, which
are an immortal melanocyte cell line made from mice that are
homozygous for a mutation in the TRP1 gene (Fig. 1, lane 9).
To compare these two antibodies, and to determine the extent
to which TRP1 colocalizes with end-stage melanosomes, we
double-stained melan-a melanocytes with MEL5 and PEP1 and
compared the two fluorescent images to each other and to the
phase image, which reveals the positions of heavily-melanized,
black melanosomes. Fig. 2 shows that: (i) the two TRP1 anti-
badies gixe essentially identical images (B and C); and (ii) the
distincty” \TRP1-positive fluorescent spots generated by both
antibodies largely coaign with the black melanosomes evident
in the phase image (A). This coalignment can be seen best in
thin regions of the cytoplasm photographed at higher magnifi-
cation (D,E, F). Furthermore, the closely packed mela&mes
present within dendrites, and especially those within dendritic
tips, correspond to areas of intense TRP1 fluorescence. These
results indicate that both MEL5 and PEPL represent excellent
markers for end-stage melanosomes. A

Fig. 1almmunoblot analyses of the TRP1 antibodies PEP1 and
ME| apd the myosin V antibodies DIL-1 (B) and DAL-2 (C).
Them whole cell extracts that were used thro ut are A
shownTnTanes 1-4 (Coomassie blue stain). The nature ofeach
sample and the antib \used to probeit are indicated above each

lane. Antibi were used at the following dilutions: DIL-1,
1:60,000; PDIL-1, 1:1,500; DIL-2, 1:80,000; PEP1, 1:10,000;

MELD5, 1:5,000. Whenever |anes are meant to be directly compared,
the same amounts of protein were loaded. The molecular mass
markers (shawn as hash marks) are 200 kDa, 116 kDa, 94 kDa, 67
kDa, and 4 \Dafrom top to bottom, respectively. Lanes 24 and 25
show blofS of brain extracts from D/D and d¥/d" pups, respectively.
Laser densitometric scanning indicated that the brains of d¥/d¥ mice
contain ~50% of the normal level of nyosin V (n=3). This result,
together with the fact that S91 mel Nes (dv/dv) (lane 23) and the
brains of d1209/d1203 pyps (lape 15) are devoid of my¢/ \V, confirm
at the protein level the expl/ \jon for the tissue-specific expression
of the dilute phenotypein animals (based on an analysis of

R eri pts; Seperack et. al, 1995). L/ \26 shows ablot

( pﬁBeLthh DIL-2) of the mel anosome-fich subcellular fraction
present at the 1,8/2.0 M L ose interface (see Materials and
Methods). ThL tion was sybsequently diluted threefold with
gradient buffer containing O. sucrose and spun at 40,000 g for
15 minutes at 4°C to pgllet melanosomes. The pgllet was
resuspended in avoly/ \of gradient buffer eqy/ g that of the
original fraction and asampl/ \qual in volumeto that in lar/ 6 was
probed with DAL-2 (lane 27). Laser densitometric scanninngfcated
that ~91%6 of/ \ myosin V present in the original 1.8/2.0 M fraction
pelleteﬂtﬁ the melanosomes (n=3).
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Antibodies to myosin V are specific for the isoform
encoded by the dilute locus

To determine the localization of myosin V in melanocytes, we
generated two rabbit polyclonal antibodies against different

CAL

*1
{*L;

WACOI ocalization of the TRP1 antibodies MEL5 and PEP1 with
d-stage melanosom own is a melan-a melanocyte (A)
double-stained with MEL5 (BYand PEP1 (C) D, E (M ELS) and F
(PEP1) represent a portion of this cell. Bary/ \ um um (
TY Negree of correspondence between the floresc ts
generated using MELS and PEP1 was esseyy’ Ny 100% (n5300}.
degree of correspondence of fluorescent spots with black
melanosomes inithe cell periphery was ~90% for bath M and
PEP1 (n—,300)/ \orescent spots that were 7 Nolack probably
corr&sn(/ \to 1ght \I/—eT anized melanosomes. The degree of
corresoﬁi@nce of black, end-stage melanosomes w/ Xuorescent
spots was ~Q4% for bath MEL 5 and PEP1.
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portions of the mouse myosin V heavy chain isoform encoded
by dilute. Antibody DIL-1, which was raised against heavy
chain residues 1,259-1,853, reacted strongly in western blots
of whole cell extracts from unstimulated B16-F10 cells with a
single band that corresponds in size to the mouse myosin V
heavy chain (~190 kDa), and weakly with several smaller
bands (Fig. 1, lane 10). After purification (see Materials and
Methods), thisantibody (PDIL-1) recognized only the ~190 kDa
band in B16-F10 cell extracts (Fig. 1, lane 11). A similar speci-
ficity was seen with extracts from B10BR and melan-ﬂls
(Fig. 1, lanes 12 and 13). Proof that this ~190 kDa band is the
myosin V heavy chain, and that PDIL-1 is specific for the
myosin V isoform encoded by the dilute locus, was obtained
by probing extracts prepared from the brains of newborn mouse
pups that are wild type at the dilute locus (lane 14) and pups
that are homozygous for the dilute lethal allele d¥2%, whichis
thought to be a functional null alele for di (lane 15)
(Strobel et a., 1990). PDIL-1 clearly does not recognize other
potential myosin V homologs in the null background (at least
not those that might be expressed in brain). This result also
supports the conclusion that dt2% is a true dilute null allele.
Lanes 16-18 show that the t of myosin V per cell rises
~2.5-fold when the melanogenic process is stimulated in B16-
F10 cells with apha-melanocyte-stimulating hormone (o
MSH) (thisincrease may represent a significant underestimate,
since on average only about two thirds of the cells exhibit sig-
nificant inrreases in pigmentation). Antibody DIL-2, which
was rais&ainst heavy chain residues 910 to 1,106, was
specific as isolated for the ~190 kDamyosin V heavy chain in
whole cell extracts of B16-F10 cells, B10BR cells, and melan-
acells (Fig. 1, lanes 19-21). Evidence that DIL-2, lik

1, is specific for the myosin V isoform encoded by the dilute
locus was obtained by probing extracts from the mouse
melanoma cell line S91. This cell line was originally derived
from a tumor carried by a mouse from the inbred strain
DBA/2J, which is homozygous g¥/d¥ (Jenkins et al., 1981).
DIL-2 clearly does not recogni ther potential myosin V
homologs in S91 cells (Fig. 1, lane 23).

To determine whether these myosin V antibodies were also
specific at the level of immunofluorescence staining, PDIL-1
and DIL-2 were used to stain primary mouse melanocytes
prepared from the dorsal epidermis of newborn pups that were
either wild type (D/D) at the dilute locus (Fig. 3A-C) or
homozygous for the dilute lethal allele di2% (D-F) (in these
primary cultures, which are compo of melanoblasts,
melanocytes and fibrobl asts, the differentiated melanocytes can
be identified based on the presence of black pigment (A and
D) and the corresponding fluorescent signal for TRP1 (C and
F)). For exposures in which DIL-2 gives bright staining of
wild-type melanocytes (B), essentidly no fluorescence is
visible in mutant melanocytes (E). These and similar results
with PDIL-1 (data not shown) indicate that our myosin V anti-
bodies are specific for the myosin V isoform encoded by the
dilute locus in terms of immunofluorescence staining as well
as immunoblotting. This specificity is important since thereis
evidence that mice express at least one other myosin V heavy

hain isoform (myr6) (Zhao et al., 1996).

Myosin V associates with melanosomes during
much of the melanogenic process

To investigate the association between myosin V. and
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Fig. 3. Control immunofluorescence staining. Primary melanocytes prepared from the skin of wild-type (C57BL/6J D/D) (A) and dilute null
(C57BL/6J d'209d!203) (D) mouse pups were double-stained with the myosin V antibody DIL-2 (B and E) and the TRP1 antibody MEL5 (C and
F). Bar, 35 um. The melanocytes in these mixed primary cultures can be identified based on the presence of black melanosomes (A and D) and
the corresponding fluorescence signal for TRP1 (C and F). The exposure time and print development was identical for the imagesin B and E.

melanosomes throughout the melanogenic process, we used
B10-F10 melanocytes, which are unmelanized under basal
culture conditions, but become highly melanized after the
addition of a MSH to the medium. Fig. 4A shows three B16-
F10 cells shortly after the addition of a MSH (~day 2). In the
two cells that have not yet responded to the hormone (lower
right), TRP1 staining is largely restricted to regions ixmedi-
ately surrounding, and usualy to one side of, the nuﬂ (B).
This perinuclear ‘cap’ of TRP1 staining largely colocalizes
with the Golgi-specific marker mannosidase Il (data not
shown) and most likely correspondsto asmall amount of TRP1
undergoing glycosylation within the Golgi (Vijayasaradhi et
al., 1995). For the cell that has begun to respond to a MSH
(center), TRPL1 staining is not only much stronger in the pgr-
inuclear region, but is also present as bright punctae radi

out from the center of the cell (B). Many of these bright spots
coalign with black granules evident in the phase image (A),
indicating that they represent melanosomes undergoing
melanization. Fig. 4C shows the staining of these same cells
using the myosin V antibody DIL-2. In the two unstimulated
cells, myosin V is present as fine punctae distributed thyough-
out the central cytoplasm. In the cell that has begun t@ond
to a MSH, however, intense spots of myosin V staining are
seen over and above the diffuse central staining. Furthermore,
most of these myosin Vpositive spots coalign exactly with the
TRP1-positive spotsiy’ \(see the overlaid image in D). Those
spots that are positive for both myosin V and TRP1, but which
do not coalign with black pigment, probably represent lightly
melanized melanosomes, and possibly compartments involved
in the delivery of TRP1 to premelanosomes. Fig. 4E and F
show the strong colocalization between TRP1 (E) and myosin
V (F) in periphera regions of two B16-F10 melanocytes that
are further along in the melanogenic process (~day 4). These

images, which were obtained using PDIL-1, also indicate that
we see striking colocalization using a second, independent
myosin V antibody.

Fig. 5A-C, show the colocalization of myosin V with
TRP1 and with black melanosomes persists in B16-F10 cells
that have become highly melanized and dendritic following
extensive treatment with o MSH (~day 6). Careful comparison
reveals that within most of the dendrites and dendritic tips in
this cell, the fluorescent spots for TRP1 (B) and for myosin V
(C) codlign with each other and with end-stage, black
melanosomes (A). Fig. 5D-F, show that colocalizati f
myosin V with TRP1 and with black melanosomes was also
seen in B10BR melanocytes, which are heavily melanized and
highly dendritic on a constitutive basis. This colocalization is
especially evident within the melanosome-rich dendritic tips of
these cells. Similar results were obtained with melan-a cells
(data not shown). Taken together, the above results suggest that
myosin V associates with melanosomes in a specific fashion
during a significant portion of this organelle’s life cycle,
including its movement to the periphery of the cell. Indeed, the
coordinate changes in the distributions of TRP1 and myosin V
that we see within cells undergoing melanosome biogenesisin
response to a MSH strongly support the conclusion that the
association between myosin V and melanosomes is physiolog-
icaly significant.

Immunogold elec;ron microscopy supports the
conclusion that myosin v associates with
melanosomes

To determine if myosin V actually associates with the limiting
membrane of the melanosome (as opposed to being cancen-
trated on structures very near the melanosome), we pﬁmed
immunolabeling at the electron microscope level. B10BR cells
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were fixed exactly as for light microscopy, and then subjected
to preembedment labeling with primary antibody. Detection
was performed using secondary antibody covalently coupled to
1.4 nm gold, followed by silver enhancement (note that while
this approach improves labeling efficiency because of better
penetrance relative to larger colloidal gold, the size of the silver
enhanced gold grains (arrowheads) is quite variable). Fig. 6
shows a representative example of a melanosome-filled
dendrite/dendritic tip stained with myosin V antibody (A, low
magnification; C and D, two fields within this extension). In
examining these images, it isimportant to look for the limiting
membrane of the melanosome (arrows), which is often a can-
siderable distance away from the electron dense core g

end-stage melanosome. This displacement is seen often in
samples fixed for conventional transmission electron
microscopy (Fig. 6B; also see, for example, Jmbow et al.,
1993), and is very common in samples that have been
processed for immunocytochemistry, where the extensive incu-
bations and washes lead to greater membrane displacement, as
well as

Myosin V, melanosomes and the Dilute phenotype 853

This fact is demonstrated in Fig. 6H, which shows
melanosomes that were labeled with the TRP1 antibody PEP1,
followed by 1.4 nm gold and silver enhancement. The dis-
placements of the heavily-labeled (arrowheads) melano

membranes (arrows) from the electron dense cores of the
melanosomes seen in this image are very typical, have been
reported by many others (see, for example, Orlow et d.,
1993a,b; Vijayasaradhi et a., 1995; Zhou et al., 1993), and are
probably due in large part to the nature of the melanosome’'s
content, which is that of a highly-insoluble, extensively-
crosslinked, osmotically-inert aggregate of mel polymer.
Taking these points into consideration, it is clear in C and D
that many of the melanosomes in these two fields are labelled
with the myosin V antibody. Fig. 6G shows such labeling at
dlightly higher magnification. This degree of |abeling contrasts
sharply with control experiments performed in parallel using
either an irrelevant primary antibody (E and F, a Acan-
thamoeba B hexosaminidase) or nonimmune serum (dﬂot
shown), where we did not observe labeling of melanosomes.

me loss of melanosomal membrane preservation. j Finally, we note that not all of the gold grainsin C and D are

Fig. 4. Colocalization of myosin V with
melanosomes in B16-F10 cells that are responding
to a MSH. (A) Three B16-F10 melanocytes after
~two days of treatment with a MSH. Thecell in
the center has begun to respond to the hormone,
while the two cellsin the lower right corner have
not (this variability in response was typical,
especially after such a short term exposure to o
MSH). These cells were double-stained with the
TRP1 antibody MEL5 (B) and the myosin V
antibody DIL-2 (C). (D) The overlaid image, which
was obtained by capturing on film both
fluorophores simultaneously using a triple-band
pass filter, Bar, 25 um. (E and F) Two B16-F10
cells after ~4 days of treatment with o MSH. These
cells were double-stained with MEL5 (E) and the
myosin V antibody PDIL-1 (F). Bar, 25 um. We
note that we did not observe any striking overlap
(using both conventional and confocal microscopy)
between the fine punctae of myosin V fluorescence
that are so prominent in the central cytoplasm and
the staining patterns obtained using markers for
either endoplasmic reticulum (BIiP, fine punctae
widely distributed in areticular pattern) or medial
Golgi (mannosidase I1, perinuclear cap), indicating
that myosin V is not preferentially concentrated on
these membranes.
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Fig. 5. Colocalization of myosin V with
melanosomes in maximally-stimulated B16-
F10 cellsand in B10BR cells. Shown are a
B16-F10 cell that has been maximally
stimulated by a MSH (A) and a B10BR cell
(D), both of which were double-stained with
the TRP1 antibody MELS5 (B and E) and the
myosin V antibody DIL-2 (C and F). Bar, 20
um. The striking colocalization of myosin V
with melanosomes was not due to bleed-
through of the TRP1 signal (Texas Red here)
into the fluorescein (myosin V) channel, based
on extensive controls (see Materials and
Methods) and on the fact that in cells stained
with myosin V antibody alone, striking
colocalization was seen between myosin V
fluorescence and black melanosomes evident in
the light image (data not shown).

melanosome-associated. This is consistent, however, with the
diffuse cytoplasmic fluorescence that we see (along with
intense melanosome-associated fluorescence) using these

myosin V antibodies.
Myosin Vis presen; in a melanosome-rich

subcellular fraction

Dueto their inherent high density, heavily-melanized epd-stage
melanosomes can be readily purified from melanocy tracts
by centrifugation through discontinuous sucrose density
gradients (Seiji et al., 1963). We found that the material at the
1.8/20 M sucrose interface in such gradients, which is
intensely black to the eye, and which has been shown to be
higly enriched in end-stage melanosomes (Chakraborty et al.,
1989; Orlow et al., 1990; Seiji et al., 1963), consistently
contained myosin V, based on immunoblot analysis (Fig. 1,
lane 26). Moreover, when this fraction was diluted, and the
melanosomes pelleted by centrifugation at 40,000 g, greater
that 90% of the myosin V present in the origina fraction

pelleted with the melanosomes (Fig. 1, lane 27). Thisfact, and
the fact that only ~5% of the myosin V in the original fraction
pelleted with the melanin polymer when Triton X-100 was
added prior to the recentrifugation step (data not shown),
further support the conclusion that the myosin V present in the
1.8/20 M sucrose fraction is largely melanosome-bound.
Together, these results indicate: (i) that the binding of myosin
V to the melanosome is of sufficient strength to allow at least
some of the myosin to remain bound during the process of sub-
cellular fractionation; and (ii) that these melanosomes m
useful as isolated to test for myosin V-dependent melanosome
transport in vitro.

Localization of%:tin suggests that myosin V
serves to move melanosomes within dendrites and
dendritic tips

Having established that myosin V associates with
melanosomes, and given the fact that myosin V is an actin-
based mechanoenzyme (Cheney et al., 1993), we sought to
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determine the distribution of F-actin within melanocytes, since  primarily of B10BR cells because they are consistently
this might indicate where melanosome movement could be  dendritic and pigmented. Fig. 7B and E shows that the amount
actomyosin V-dependent. To accomplish this, we made use  and organization of F-actin within these cells, as determined

e ; : GERE 2y

Fig. 6. Immunogold electron microscopy. (A) A dendrite of a B10BR cell that had been stained with myosin V antibody; (C and D) enlargements
of two areas within this dendrite. The limiting membranes of the melanosomes, which are not always completely preserved, and which are often
a considerable distance away from the dense melanin core, are marked by arrows. Some of the areasin C and D where the melanosome
membrane is |abeled with myosin V antibody are marked by arrowheads (note that the size of the silver-enchanced gold grainsis expected to be
somewhat variable; see text). (G) Two melanosomes labeled with myosin V antibody at dightly higher magnification (see magnification bar in
H). (E and F) Enlargements of two areas within adendrite of a B10BR cell that had been stained in parallel using a polyclonal antibody to
Acanthamoeba 3 hexosaminidase as an irrelevant antibody. (B) Melanosomes fixed for conventional transmission electron microscopy. Note that
the limiting membrane of the melanosome in the center of the image is displaced from the melanin core. (H) Several melanosomes that were
labeled with the TRP1 antibody PEP1, which recognizes an integral membrane protein that is specific for the limiting membrane of the
melanosome. The imperfectly preserved melanosome membranes can be seen to be displaced from the black cores of the organelles.
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Fig. 7. Localization of F-actin within B10BR melanocytes and colocalization with myosin V. Shown are two B10BR cells (A and D), both of
which were double-stained with phalloidin to visualize the distribution of F-actin (B and E) and the myosin V antibody DIL-2 (C and F). The
outer edges of the broad, thin, actin-rich, organelle-free lamellae that usually form arim around much of the cell body are just visible in the

phase images (A and D). Bars, 20 um.

using rhodamine-phaloidin, is region-specific. In the
organelle-rich central cytoplasm, F-actin is relatively sparse,
being present as a few bundles of variable width, length and
orientation. F-actin is present in large amounts, on the other
hand, in the broad, thin, organelle-free lamellae (as thick, cir-
cumferential bundles), in dendritic extensions (as bundles that
appear to run paralle to the long axis of the dendrite through-
out its length), and in dendritic tips (as the distal ends of
dendritic actin bundles). Confocal microscopy revealed that F-
actin is particularly enriched immediately under the plasma
membrane throughout dendrites and dendritic tips, and is also
present as patches within tips (data not shown). Taken together,
then, B10BR melanocytes possess relatively little organized
actin centrally, but large amounts of organized actin prripher-
ally within lamellae and dendrites. Of these two typey’ \agtin-
rich extensions, only dendrites, which are the normal

tion for melanosomes, actually contain epd-stage mel a@es

(see A\and D).
T Its ﬁe suggest that myosin V may contribute to
the outward movement of melanosomes within dendrites and

dendritic tips. Consistent with this, strong colocalization
between F-actin (Fig. 7B and E) and myosin V (Fig. 7C and
F) was seen throughout dendrites and dendritic tips. Fig. 8
shows such colocalization within a relatively long,
melanosome-rich dendritic extension (A, melanosomes; B,

myosin V; C, F-actin). By contrast, the actin-rich,
melanosome-free lamellae were essentially devoid of myosin
V (Fig. 7C and F). From these results we conclude that the only
actin-rich protrusions in which myosin V is concentrated are
thoseinvolved in the transport of melanosomesto the periphery
(i.e. dendrites). We a so conclude that myosin V probably does
not play a role in the dynamics of those actin-rich surface
extensions that are most likely involved i | motility and

shape change (e.g. lamellag). j

DISCUSSION

Myosin V and melanosomes

In this study we demonstrated by immunolocalization that
myosin V associates with melanosomes in mouse melanocytes.
This association, which has aso been reported recently by
Provance et d. (1996), and in preliminary form by Nascimento
et a. (1996), was seen at the light microscope level in al of
the melanocyte cell lines we examined, and with two different
myosin V antibodies, both of which appear to be absolutely
specific a the levels of immunoblotting and immunofluor-
escence for the myosin V isoform encoded by th” \lute locus.
Furthermore, this association was also seen by imimunoelec-
tron microscopy and by subcellular fractionatio e 8xs0Ci -
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[  JOCES_ 110_ 7_ 847F8. tif] Fig. 8. Colocalization of melansomes, myosin V and F- actin within dendritic extensions. Shown is a confocal image of a relatively long, melanosome- rich dendritic extension that was triple- stained for melanosomes ( using MEL5, with a Cy5- labelled anti- mouse secondary antibody) ( A), myosin V ( using DIL- 2, with an FITC- labeled anti- rabbit secondary antibody) ( B), and F- actin ( using rhodamine- phalloidin) ( C). By using confocal microscopy to remove out- of- focus fluorescence, which is very significant in such extensions given their narrow dimensions coupled with their high content of F- actin, myosin V and melanosomes, a significant degree of colocalization between these three markers can be seen. Bar, 12 µm. < H1>
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Fig. 8. Colocalization of melansomes, myosin V and F-actin
within dendritic extensions. Shown is a confocal image of a
relatively long, melanosome-rich dendritic extension that was
triple-stained for melanosomes (using MEL 5, with a Cy5-labelled
anti-mouse secondary antibody) (A), myosin V (using DIL-2, with
an FITC-labeled anti-rabbit secondary antibody) (B), and F-actin
(using rhodamine-phalloidin) (C). By using confocal microscopy
to remove out-of-focus fluorescence, which is very significant in
such extensions given their narrow dimensions coupled with their
high content of F-actin, myosin V_and melanosomes, a significant
degree of colocalization between these three markers can be seen.
Bar, 12 um.

ation between myosin V and melanosomes was found not only
within completely melanized cells, but also within cells upder-
going the process of melanization. Indeed, the coo&\te
changes in the distributions of the melanosome marker TRP1
and myosin V that were seen within cells undergoing
melanosome biogenesis strongly support the conclusion that
the association between myosin V and this organelle is physi-
ologicaly significant. These latter results also suggest ﬂin
addition to its association with black, end-stage melanosomes,
myosin V may associate with lightly-melanized melanosomes,
and possibly with compartments involved in the delivery of
TRP1 to premelanosomes.

In some ways our results are similar to those obtained by
Espreafico et al. (1992), who observed intense staining for
myosin V at the tips of neurites and in the central cytoplasm

Myosin V, melanosomes and the Dilute phenotype 857

of cultured hippocampal neurons. This latter fluorescence was
especially intense in regions of the Golgi complex (based on
partial colocalization with wheat germ agglutinin in frozen
tissue sections), which they interpreted as evidence that myosin
V associates with Golgi-derived vesicles. While we found that
myosin V is hot concentrated on the Golgi apparatus itself (see
legend to Fig. 4), the large numbers of punctae positive for both
TRP1 (amembrane glycoprotein that is processed in, and buds
from, the Golgi) and myosin V that we observed shortly after
the addition of o MSH suggest that myosin V may indeed
associate with Golgi-derived vesicles in melanocytes. Resolu-
tion ofthis question must await, however, the use of an irmu-
noel¢’” \n microscopic technique that yields better px(/ \va
tion of cellular fine structure than the preembedm eling
technique employed here.

B16-F10 cells that had become heavily melanized and
dendritic following a MSH treatment were found to contain at
least two to three times as much myosin V as unstimulated
cells. While there could be something special about this addi-
tional myosin V in terms of its affinity for the melanosome, it
seems more likely that the association of myosin V with this
organelle is due to the recruitment of the myosin from a
homogenous pool of molecules. This recruitment process may
be controlled by post translational modification of myosin V
(or the integra and/or peripheral melanosomal membrane
protein(s) that are presumably involved in the specific binding
of myosin V), and may involve the melanocyte-specific exons
identified in the myosin V heavy chain (Seperack et al., 1995).
Regarding the fact that unstimulated melanocytes express sig-
nificant amounts of myosin V, we have found that myosin V
(either thy” Jute isoform or the myr6 isoform) is expressed in
every one of the many mouse tissue types that we have
examined (Q. Wei and J. A. Hammer, unpublished gbserva-
tions). This fact suggests that type V myosins perfmome
sort of general or ‘housekeeping’ function, in addition to cgll-
type specific functions (e.g. melansome transport?).
general function, which is probably supported by redundant
molecules and mechanisms, may be related to some aspect of
congtitutive intracellular membrane traffic.

Efforts to localize motor proteins on melanosomes within
melanocytes from amphibians have been complicated by the
fact that in those cells the melanosomes tend to bind irrelevant
antibodies as well as antibodies to motor proteins (V. Gelfand
and L. Haimo, personal communications). We did not find such
a complication in staining mouse melanocytes. For example,
we never saw staining of melanosomes using secondary ati-
bodies alone, or using nonimmune serum, antibodies to a\c
evant antigens (e.g. Dictyostelium myo J and Acanth a
B-hexosaminidase), or antibodies to a variety of membrane
compartments (e.g. mannosidase |1 and BiP). Furthermore, the
black melanosomes that are concentrated in the center of
primary melanocytes prepared from dilute null mice (which do
not express any myosin V; Fig. 1) did not stain with either
myosin V antibody (Fig. 3). Finaly, myosin V and TRP1 fly-
orescence strongly colocalize within melan-c melano
whose melanosomes are devoid of melanin polymer (data not
shown).

Mxosin V, melanosomes and the dilute phenotype

that myosin V is known to possess actin-dependent
mechanochemical activity (Cheney et al., 1993; Wolenski et
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al., 1995), our demonstration by immunolocalization that this
motor protein associates with melanosomes suggests: (i) that
it powersall or some portion of the melanosome’sjourney from
its site of formation in the cell body to its site of intercellular
transfer at the dendritic tip; and (ii) that the reduction in coat
color intensity seen in dilute mice is caused by the absence of
this myosin V-dependent melanosome transport system. While
such atransport defect is not consistent with the long-standing
explanation for coat color dilution, which is that dilute
melanocytes are adendritic (reviewed by Silvers, 1979), it is
supported by one older and two recent studies where cell shape
and pigment distribution were anayzed in cultured
melanocytes. First, in a study utilizing cultured D/D and d¥/dV
melanocytes (isolated from C57BL/6J and DBA/2J / e,
respectively), Koyama and Takeuchi (1981) found: (i) that
mutant melanocytes possess essentially norma dendritic
arbors; and (ii) that end-stage melanosomes in these cells are
highly concentrated in the cell body and essentially excluded
from dendrites. In wild-type melanocytes, on the other hand,
black melanosomes were found throughout both the cell body
and the dendrites. Second, Provance et al. (1996) have recently
shown that the results of Koyama and Takeuchi (1981) hold
true for d¥/d¥ melanocytes cultured from mice of the same
genetic ground as the control D/D melanocytes (i.e.
C57BL/6J). Finally, we have recently shown that the results of
Koyama and Takeuchi (1981) also hold true for cultured
melanocytes that are homozygous for a true dilute null allele
(d1299) (Wei et al., 1997, also, see Fig. 3A and D). Furthermore,
using tibody to the membrane tyrosine kinase receptor
cKIT to visualize the shape of melanocytes present in
epidermal sheets, we have shown that dilute melanocytes in
situ, like cultured dilute melanocytes, are defective primarily
in melanosome distribution, not cell shape. These studies (and
especially the in situ study) indicate that the clumping of
pigment evident in unstained preparations of skin, hair
follicles, and Harderian gland from dilute mice, which hastra-
ditionally been interpreted as evidence that the cells lack
dendritic extensions (reviewed by Silvers, 1979), is actually
due to a defect in melanosome transport within cells of essen-
tially normal shape. Furthermore, these studies implicate the
dendrite as the region of the cell where melanosome transport
ismyosin V-dependent. Our results with actin staining, as well
as the effects of cytochalasin treatment on melanosome distri-
bution in B16 melanocytes (Koyama and Takeuchi, 198&@
consistent with this. Finally, we note that the distribution of E
actin in mutant melanocytes appears to be essentially nor
(Lacour et a., 1992; Preston et al., 1987; Wel et a., 1997),
indicating that the apparent defect in melanosome transport is
not secondary to myosin M-dependent defects in the actin
cytoskeleton. This fact co s with results showing that the
yeast myosin V mutant myo2-66 exhibits a disorganized actin
cytoskeleton in addition to an apparent defect in vesicle
transport (Johnston et al., 1991) (although yeast lacking a
second myosin V isoform (myo4; Haarer et a., 1994), which
also may be involved in intracellular transport (Bobola et al.,
1996), have a normal actin cytoskeleton). A

Summary

Evidence has been accumulating that type V myosins serve as
vesicle/organelle motors (Bobolaet al., 1996; Espreafico et dl.,
1992; Govidan et al., 1995; Johnston et al., 1991; Langford,

1995; Lillie and Brown, 1992, 1994). Our demonstration that
myosin V associates with melanosomes in mouse melanocytes
adds additional support to thisidea. Furthermore, the facts that
myosin V is excluded from gctin-rich lamellae, that the
migration of melanocyte precury \from the neural crest to the
skin is normal in dilute null mice (Jackson, 1994), and that
dilute null melanocytes appear to possess relatively normal
dendritic shape, all suggest that myosin V does not play a
critical role in either cellular motility or the determination of
cell shape. These results are consistent with recent studies on
the growth cones of SCG neurons, where an association
between myosin V and organelles was seen, and where the
cytoskeletal architecture of these growth cones and the rate of
neurite outgrowth were both found to be normal in SCG
neurons isolated from homozygous dilute lethal mice (L.
Evans, J. A. Hammer, 111, and P. C. Bridgman, unpublished
observations). These results do not agree, however, with a
recent study implicating myosin V in filopodial extension by
DRG neurons (Wang et al., 1996). Finally, with regard to the
roles of myosinsin intracellular motility, we note that in many
cases either the motor is known and the organelle is not
(Govidan et al., 1995; McGoldrick et a., 1995; Mermall et al.,
1994), or the organelle is known and the motor is not (Kachar
and Reese, 1988; Kuznetsov et al., 1992; Simon et al., 1995).
In this work, however, we know both the motor and the
organelle. And while we have yet to demonstrate that myosin
V actualy moves melanosomes in vivo, this particular
motor/organell e association has been documented within a cell
type where the absence of the myosin appears to result in a
defect in the intracellular transport of the organelle in vivo.

W thank Ray Boissy and John Pawelek for advice on melanocyte
bio/' \, Walter Quevedo for insights into the dilute phenotype, Ruth
Halaban for B1OBR cells and advice on preparing primary
melanocytes, Dorothy Bennett for melan-a, melan-b, and melan-c
cells and advice regarding the preparation of primary melanocytes,
Neil Copeland and Nancy Jenkins for their generous gift of mouse
strains, Bill Pavan for advice on mouse genetics and help with mouse
breeding, Jennifer Lippincott-Schwartz and Ivan Baines for advice on
immunofl uorescence staining and comments on the manuscript, Vince
Hearing for answering innumerable questions regarding melanocytes
and for comments on the manuscript, Paul Bridgman for genera
advice and encouragement, for help with cloning the dilute heavy
chain, and for comments on the manuscript, Goeh Jung for valuable
assistance in preparing antibody DIL-1, and Edward D. Korn for
comments on the manuscript and support of this work.

REFERENCES

Bennett, D. CACooper, P.J. and Hart, |. R. (1987). A line of non-tumorigenic

mouse mi cytes, syngeneic with the B16 melanoma and requiring a

tumour p for growth. Int. J. Cancer 39, 414-418.
Bennett, D. Ca Cooper, P. J.ADexter, T. J. Devl: é. an, J. and
ouse mel t the germline

Nester, Bé“%sg). Clon
mutation: 0 and brdwrmcomplem in culttrerDevel opment 105,
379-385. A
Bobola, N , R. PAShin, T. H. and Nasmyth, K. (1996). Asymmetric
accum f Ash postanaphase nuclei depends on a myosin and
restri mating~ itching to mother cells. Cell 84, 699-709.
Boissy, R. E. (1988). The melanocyte. Its structure, ion, A
subpopulationsin skin, eyes, and hair. Dermatol. Clin. 6, 161-173:
Brockerhoff, S. B, Stevens, R. C. and D T. (19me
unconventional sin, Myo2p, isacalmodulin f C h
in Saccharomyi evisiae. J. Cell Bigl. 124, 315-323. /\

AN



undefined
d v / d v

undefined
d v / d v

undefined
d 120J )

undefined
distri- bution

undefined
F- actin

undefined
V-dependent

undefined
< H1>

undefined
actin-rich

undefined
ACKNOWLEDGEMENTS

undefined
JOCES_ 110_ 7_ 847C1 journal

undefined
C. ,

undefined
414–

undefined
JOCES_ 110_ 7_ 847C2 journal

undefined
C. ,

undefined
J. ,

undefined
J. ,

undefined
M. ,

undefined
379–

undefined
JOCES_ 110_ 7_ 847C3 journal

undefined
N. ,

undefined
P. ,

undefined
699–

undefined
JOCES_ 110_ 7_ 847C4 journal

undefined
Clin .

undefined
161–

undefined
JOCES_ 110_ 7_ 847C5 journal

undefined
E. ,

undefined
cerevisiae .

undefined
Biol .

undefined
315–

undefined
JOCES_ 110_ 7_ 847C6 book

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined


Burry, R. W. (1995). Pre-embedding immunocytochemistry with sWdver-
enhanced small gold particles. In Immunogold-Siver Saining. Pri
Methods, and Applications (ed. M. A. Hayat), pp. 215-230. CRC Pr

York.
Chakrg%>g1 A. Ka Mishima, Ya In , Hata;S. and Ichihasi, M.
(198 regul ato tors mf Xed vesicles from melanoma

cells. J. Invest toI 93
Coelho, M. V.AWolenski, J. S,
.and Moo% ;,M.S.(199
myosin otor acti vg;l

Cheney, R. Ka ser.
Esprealc A. orsc
Brainm CONnV
Fisher, G : Collins,KAMatsudaira, P. T.and

Cell 75, 1&23
Conrad, P,

Taylor strlb of acti osml and myosin ||

during tl nd healln oblast ell Biol. 120, 1381-

1391.
Espreafi Matteoli, Ma, Nascim LA CA
Camifir, son,R.E ooseker . (1992). anaryst
and cellular ation of chi rain my (p 190), an unconv
myosin wi odulin light chains. J. Cell Biol. 113, 15¢1-1558.

Haarer, B. KA Petzold, A ;LI“Ie S.H.and Brown, ). Id

. Ma, Cheney, R. E

|0n
of MYO4, ond cl myosin geneinyeast. 107

Govidan, ser, R Novick, P. (1995). Therole z ;
\ myosi< Sveﬁculartransport J. Cell Bigl. 128, 106

Hearing, . and King, R. A. (19 Det ants of/ \n color:
melanocytes and melanization. In Pig on gmen isorders

(ed. N. Levine), pp. 4-A8. CRC Press, Inc. London Tokyo.
Jackson, (1994) ecular and developmental genetﬁ mouse coat

class

color. 8 189 217.

Jenkins, N. A 7n ayI A.and Lee, B. K. (1981). Dilute
(d) coat |s associated with the site of
integrati ectroplc M enome. Nature 293, 370-374.

A
Biolog elanocytes. In tology in General ine n (ed.

T.B. ick eta A, pp. McGraw-Hill In York
Jimenez, Ma, Malo% V%T#earmg,v J. (1989).

of an tic cl alian tyrosinase. J. Biol. Chem. 2

. G, Prendergast, J. A. and Singer, R. A. (T

3403
Johnsto
Sacc % ;ﬁ

Jimbow, Ka Quevedo, W. C. Jri Fitzpatrick, T. B.

erevisiae myo2 gene encodes an essential myosm for

vectorial tr of vesicles. J. Cell Bigl. 113, 530-551.

Jung, Ga, Fukui, YA Martin, B. and mer . AQB). Sequence
expr n pattz; ;‘ ntracellular 1o n et uption of the
Di ium ID heavy chain isoform. J. Biol. Chem. 268, 14981-
14990

Jung, , X. and Hammer 111, J. A. (1996). Di ium S
lackj pleclassic myosin | isoformsreveal combinations of shared and

di nctions. J. Cell Bigl. 133, 306-323.

Kachar, B. and Reese, T. S 8). T echﬁof cytoplasmic streaming
in characean alga cell§ ing do C reticulum aong actin
filaments. J. Cell Bigl. 106, 15¢5-1552.

Koyama, Y. and T hi, T/ N80). Dmtid effect of cytochalasin B on
the aggregation ano! in cl mouse melanoma cells. Anat.

Rec. 196, 449-459

Koyama, Y; §d e'Qchi, T. (1981). Ultrastructural observations on
melano! gr in genetically defective melanocytes of the mouse.
Anat. Rec. 201, 599-611.

Kuznet A om .and Weiss, D. G. (1992). Actin-dependent
org n oplasm. Nature 356, 722-725.

Lacour, J. B, ot, P. R Eller, My, Bhawan, J, Gi%;?, B. A.
(1992). g;\sﬁkeletal e\%—;under dendrite iol cultured

pigment J.Cdll. P 151 =299.

Langford, G. M. (1995)2 §| n-and m/ \tubul/\nendent organelle motors:

Myosin V, melanosomes and the Dilute phenotype 859

nidulans encodes an essential myosin | required for secretion and polarized
growth. J. Cell Bml 128 57/7 587.

Mercer,J. A reoam Copeland, N. G. and Jenkins,
N. A. ( coded by murine dilute coat

colour | ature349 5 13

Mermall, M., McNally, J iller, K. G. (1994). Transport of
cytopl particles unconventional myosin in living
Drosop! bryos. Nature 369, 560-562.

Mooseker, M. S. and Cheney, R
Rev. Cell Dev. Bigl. 11, 633-675.

96). nventional myosins. Annu.

Nascimento, A. A io, J Amaral, R. G5, Larson, R. E. and
Espreafico, Evr, —Subc localization osin-V in B16 and
S91 melanoma |. Biol. Ci T 372a.

90). Internal binding sites
for MS| alyses in wild type and varian dman melanoma cells. J.

Orlow, S. J.AHotchkiss, S. and Pawelek, J. M
Cell Ph@mz, 129-136.

Orlow, Boi . Ea, ran, D. J. and Pifko-Hirst, S. (1993a).
Subi istri sinase and tyrosinase-related protein-1:
Impli r melano! biogenesis. J. Invest. Darmatol. 100, 5564.

Orlow, S. Ja Zhou, B.-K A Boissy, R. E. and Py \Hirst, S. z&
Identifi of amam melanosomal matri oprotein. ‘J.
Dermatdr. , 141-144.
reston, S. F. VoI \ia Pm C.M.and Berlin, R. D. (1987). Regulation
of cell shézg elanomacell line. Proc. Nat. Acad. Sci. USA
84, 5247-

Prov, D. W. Wei, WL, Ipe, V. and Mercer, J. A. (1996). Cultured
m tes f lute ant mice exhibit dendritic morphology and
atered melano istr . Proc. Nat. Acad. Sci. USA 93, 14654-14558.

Rocklin, W. Ma, Kazuyuki, |.AAdelstein, R. S. and Bridgman, (1995)
Localizati myosin || Z‘ \EB isoformsin cultured neuro ell Sl
108, 3661~

Seiji, M(_Shimao,/ \ Birbeck, M. S. C. and Fitzpatrick, T. B. (1963
Su loci n of melanin biosynthesis. Ann. NY Acad. Sg. 100,
497-533.

Seperack, P, Mercer, J. ApStrobel, M. CACopeland, N. G. an ins,
N. A. (1 roviral z’;caslocat%’:si; anintron of the dilute gene
ater dllut ionin le-specific EMBO J. 14, 2326- 233

Strobel, M. Ca Seperack, P./ N\Copeland, N. G. and Jeng ;Z ;(1990)
Molecular alyss of mouse dilute locus tatio
spontan ute |ethal? adiation-induced dilute prenatal lethal Aa2

alleles. Moal. Cell. Bigl. 10, 504~
Silvers, W.K. (1979 ute € p-Jocus, ruby-eye and ruby-eye 2.
In Coat Colors od malian Gene Action and
Interaction (ed. W. K. SJ\vers) pp 83:104. ger-Verlag, New York.
Simon, V. By, Swayn ; ; n, L. A. (1995). Actin-depen
mitchon otility otlcy cell-free systems: identificati

amotor on the mitochondrial surface. J. Cell Biol. 13R, 346-354.
Tamura, A Halaban, RaMoelmann, Ga Cowan, J. Ma, L .Ré;l
Lerneré ;g (1987) mal murinei’ Enocytsiz ‘f ; 0 :

Dev. B , 519-5.
Vijay hi, 7ANu,
Intr

identification n
Biol. 130, 80¢-820.

ouchard, B. and Houghton, A. N. (1995).
geting of melanosomal membrane proteins:
rting of the human locus protein, gP75. J. Cell j

Wang, F.-S., ensky’ \S.Cheney, R. EAMooseker, M. S. and Jay, D. G.
(1996). n of V in filog extension of neuronal growth
cones. 273, 660-663:

Wei, Qa Wu, X. and mer . 111 (1997). The predominant defect in
dil el anocyt some distribution and not cell shape,

Ul g arolefor myosin V in melanosome transport. J. Muscle Res. Cell
Moatil. (in press) A

R EA Mooseker, M. S. and Forscher, P. (1995). In

Wolenski, J. S

interrel ationships bet e two . Curr. Opin. Cell Bigl. 7, vitro motili 1;{( : edbraln myosinV using aLimulusacrosomal

82-88. AZ processan my J. Cell Sgi, 108, 1489- 1496
Larson, Espindola, F. S. and Espreafico, E. M. (1990). Cal hao L.P. os|0vsk S Remhard

binding ins and calcium/calmodulin-regulated enzy tivities ; i Mer 996). C % @

associat brain actomyosin. J. Neurochem. 54, 1288-12 unco al myosm d||ute/r%§\ Proc. ad i
Lillie, S. H. and Brown, S. S. (1992) pre&aon ol yosnﬁt by a USA 93, 10826-10831.

kinesin-related gene. Nature 356, 3 eAzhou, B.- oissy, R ko—lest oran, D. J. and Orlow, S. J.
Lillie, S. H. and Brown, S. S. (199 muny rescence |ocalization of th (1993). me membr protein-1 (LAMP-1) is the

unconventional myosin, myo2, e e kinesin-related protein, melan icular frermdrane glyco%;y band I1. J. Invest. Dgrmatol.

smy1p, to the sameregions of polarized growth in Saccharomyces cexevisiae. 100, 1

J. Cell Bigl. 125, 825-842.

McGoIdrK' EC. A ver, d May, G. S. (1995). MyoA of éﬂé;illus

(Received 4 October 1996 — Accepted 31 January 1997)


undefined
silver- enhanced

undefined
Hayat ),

undefined
217–

undefined
JOCES_ 110_ 7_ 847C7 journal

undefined
K. ,

undefined
Y. ,

undefined
M. ,

undefined
Dermatol .

undefined
616–

undefined
JOCES_ 110_ 7_ 847C8 journal

undefined
E. ,

undefined
K. ,

undefined
E. ,

undefined
V. ,

undefined
S. ,

undefined
M. ,

undefined
P. ,

undefined
13–

undefined
JOCES_ 110_ 7_ 847C9 journal

undefined
A. ,

undefined
A. ,

undefined
G. ,

undefined
K. ,

undefined
Biol .

undefined
1381–

undefined
JOCES_ 110_ 7_ 847C10 journal

undefined
M. ,

undefined
E. ,

undefined
M. ,

undefined
C. ,

undefined
V. ,

undefined
Biol .

undefined
1541–

undefined
JOCES_ 110_ 7_ 847C11 journal

undefined
K. ,

undefined
A. ,

undefined
Sci .

undefined
1055–

undefined
JOCES_ 110_ 7_ 847C12 journal

undefined
B. ,

undefined
Biol .

undefined
1055–

undefined
JOCES_ 110_ 7_ 847C13 book

undefined
Levine ),

undefined
4–

undefined
JOCES_ 110_ 7_ 847C14 journal

undefined
Genet .

undefined
189–

undefined
JOCES_ 110_ 7_ 847C15 journal

undefined
A. ,

undefined
G. ,

undefined
370–

undefined
JOCES_ 110_ 7_ 847C16 book

undefined
K. ,

undefined
Jr ,

undefined
Medicine ,

undefined
al. ),

undefined
261–

undefined
JOCES_ 110_ 7_ 847C17 journal

undefined
M. ,

undefined
Chem .

undefined
3397–

undefined
JOCES_ 110_ 7_ 847C18 journal

undefined
C. ,

undefined
Biol .

undefined
539–

undefined
JOCES_ 110_ 7_ 847C19 journal

undefined
G. ,

undefined
Y. ,

undefined
Chem .

undefined
14981–

undefined
JOCES_ 110_ 7_ 847C20 journal

undefined
G. ,

undefined
Biol .

undefined
305–

undefined
JOCES_ 110_ 7_ 847C21 journal

undefined
Biol .

undefined
1545–

undefined
JOCES_ 110_ 7_ 847C22 journal

undefined
Rec .

undefined
449–

undefined
JOCES_ 110_ 7_ 847C23 journal

undefined
Rec .

undefined
599–

undefined
JOCES_ 110_ 7_ 847C24 journal

undefined
A. ,

undefined
722–

undefined
JOCES_ 110_ 7_ 847C25 journal

undefined
P. ,

undefined
R. ,

undefined
M. ,

undefined
Physiol .

undefined
287–

undefined
JOCES_ 110_ 7_ 847C26 journal

undefined
microtubule-dependent

undefined
Biol .

undefined
82–

undefined
JOCES_ 110_ 7_ 847C27 journal

undefined
E. ,

undefined
Calmodulin- binding

undefined
Neurochem .

undefined
1288–

undefined
JOCES_ 110_ 7_ 847C28 journal

undefined
kinesin-related

undefined
358–

undefined
JOCES_ 110_ 7_ 847C29 journal

undefined
cerevisiae .

undefined
Biol .

undefined
825–

undefined
JOCES_ 110_ 7_ 847C30 journal

undefined
A. ,

undefined
Biol .

undefined
577–

undefined
JOCES_ 110_ 7_ 847C31 journal

undefined
A. ,

undefined
K. ,

undefined
C. ,

undefined
709–

undefined
JOCES_ 110_ 7_ 847C32 journal

undefined
M. ,

undefined
560–

undefined
JOCES_ 110_ 7_ 847C33 journal

undefined
Biol .

undefined
633–

undefined
JOCES_ 110_ 7_ 847C34 journal

undefined
C. ,

undefined
C. ,

undefined
G. ,

undefined
JOCES_ 110_ 7_ 847C35 journal

undefined
J. ,

undefined
Physiol .

undefined
129–

undefined
JOCES_ 110_ 7_ 847C36 journal

undefined
J. ,

undefined
E. ,

undefined
Dermatol .

undefined
55–

undefined
JOCES_ 110_ 7_ 847C37 journal

undefined
J. ,

undefined
K. ,

undefined
Dermatol .

undefined
141–

undefined
JOCES_ 110_ 7_ 847C38 journal

undefined
F. ,

undefined
M. ,

undefined
5247–

undefined
JOCES_ 110_ 7_ 847C39 journal

undefined
Jr ,

undefined
W. ,

undefined
14554–

undefined
JOCES_ 110_ 7_ 847C40 journal

undefined
M. ,

undefined
I. ,

undefined
Sci .

undefined
3661–

undefined
JOCES_ 110_ 7_ 847C41 journal

undefined
M. ,

undefined
K. ,

undefined
Sci .

undefined
497–

undefined
JOCES_ 110_ 7_ 847C42 journal

undefined
K. ,

undefined
A. ,

undefined
C. ,

undefined
tissue-specific

undefined
J .

undefined
2326–

undefined
JOCES_ 110_ 7_ 847C43 journal

undefined
C. ,

undefined
K. ,

undefined
radiation-induced

undefined
Biol .

undefined
501–

undefined
JOCES_ 110_ 7_ 847C44 book

undefined
p-locus,

undefined
Silvers ),

undefined
83–

undefined
JOCES_ 110_ 7_ 847C45 journal

undefined
R. ,

undefined
Biol .

undefined
345–

undefined
JOCES_ 110_ 7_ 847C46 journal

undefined
A. ,

undefined
R. ,

undefined
G. ,

undefined
M. ,

undefined
Biol .

undefined
519–

undefined
JOCES_ 110_ 7_ 847C47 journal

undefined
S. ,

undefined
Y. ,

undefined
Biol .

undefined
807–

undefined
JOCES_ 110_ 7_ 847C48 journal

undefined
S. ,

undefined
S. ,

undefined
E. ,

undefined
660–

undefined
JOCES_ 110_ 7_ 847C49 other

undefined
Q. ,

undefined
Motil .

undefined
JOCES_ 110_ 7_ 847C50 journal

undefined
S. ,

undefined
E. ,

undefined
tweezer-based

undefined
Sci .

undefined
1489–

undefined
JOCES_ 110_ 7_ 847C51 journal

undefined
P. ,

undefined
S. ,

undefined
J. ,

undefined
M. ,

undefined
E. ,

undefined
10826–

undefined
JOCES_ 110_ 7_ 847C52 journal

undefined
K. ,

undefined
E. ,

undefined
S. ,

undefined
Lysosome-associated

undefined
Dermatol .

undefined
110–

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined


