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(Background: Lysosome-related organelles are a group of cell type-specific compartments with specialized functions,
Results: Cell type-specific Rab proteins, Rab32 and Rab38, colocalize and interact with the ubiquitous trafficking machinery in

Conclusion: Rab32 and Rab38 cooperate with the ubiquitous trafficking machinery for melanosome biogenesis.
Significance: Learning how lysosome-related organelles are built is key to understanding their biology.
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Lysosome-related organelles (LROs) are synthesized in spe-
cialized cell types where they largely coexist with conventional
lysosomes. Most of the known cellular transport machinery
involved in biogenesis are ubiquitously expressed and shared
between lysosomes and LROs. Examples of common compo-
nents are the adaptor protein complex-3 (AP-3) and biogenesis
of lysosome-related organelle complex (BLOC)-2. These pro-
tein complexes control sorting and transport of newly synthe-
sized integral membrane proteins from early endosomes to both
lysosomes and LROs such as the melanosome. However, it is
unknown what factors cooperate with the ubiquitous transport
machinery to mediate transport to LROs in specialized cells.
Focusing on the melanosome, we show that the ubiquitous
machinery interacts with cell type-specific Rab proteins, Rab38
and Rab32, to facilitate transport to the maturing organelle.
BLOC-2, AP-3, and AP-1 coimmunoprecipitated with Rab38
and Rab32 from MNT-1 melanocytic cell extracts. BLOC-2,
AP-3, AP-1, and clathrin partially colocalized with Rab38 and
Rab32 by confocal immunofluorescence microscopy in MNT-1
cells. Rab38- and Rab32-deficient MNT-1 cells displayed abnor-
mal trafficking and steady state levels of known cargoes of the
BLOC-2, AP-3, and AP-1 pathways, the melanin-synthesizing
enzymes tyrosinase and tyrosinase-related protein-1. These
observations support the idea that Rab38 and Rab32 are the spe-
cific factors that direct the ubiquitous machinery to mediate
transport from early endosomes to maturing LROs. Addition-
ally, analysis of tyrosinase-related protein-2 and total melanin
production indicates that Rab32 has unique functions that can-
not be carried out by Rab38 in melanosome biogenesis.
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Lysosome-related organelles (LROs)” are a group of cell
type-specific membrane-bound compartments with special-
ized functions (1-4). Examples of LROs include melanosomes,
platelet-dense granules, lamellar bodies of lung type II epithe-
lial cells, and lytic granules of cytotoxic T lymphocytes, and
natural killer cells. The physiological functions of these organ-
elles are diverse, from the production and storage of melanin
pigments (melanosomes) and the regulation of platelet aggre-
gation (dense granules) to killing virus-infected and tumor cells
(Iytic granules) (1-4). The LROs share common characteristics
with lysosomes such as an acidic luminal pH, the presence of
lysosome-associated membrane proteins in their limiting
membrane, and a common biogenesis pathway (1-4). The
close relationship between lysosomes and LROs is further dem-
onstrated by certain human genetic disorders, including the
Hermansky-Pudlak syndrome (HPS), that cause abnormalities
in both organelle types (2, 4—6).

HPS is a group of autosomal recessive diseases (OMIM
2033000) that are characterized by oculocutaneous albinism
(hypopigmentation of eyes and skin) and prolonged bleeding
that result from defects in the biogenesis of melanosomes and
platelet-dense granules, respectively (2, 4—6). Some HPS
patients present additional symptoms due to defects in other
LROs, for instance defective lamellar bodies result in fatal pul-
monary fibrosis and abnormal lytic granules cause immune
deficiency (2, 4—6). In humans, different forms of the disease,
named HPS-1 through HPS-9, have been associated with muta-
tions in nine separate genes (2, 4—7). Orthologs of those genes
and seven additional genes cause HPS-like disease in 16 mutant
mouse strains (4—9). Several of those HPS genes encode pro-
teins that assemble into stable complexes, named adaptor pro-
tein complex-3 (AP-3) and biogenesis of lysosome-related
organelle complex (BLOC)-1, -2, and -3 (4 —10). The function of
AP-3 in lysosome biogenesis has been well established; it char-
acterizes a route for trafficking of integral membrane proteins,
such as lysosome-associated membrane proteins, from early

2The abbreviations used are: LRO, lysosome-related organelle; GTPyS,
guanosine 5'-3-O-(thio)triphosphate; HPS, Hermansky-Pudlak syndrome.
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endosome-associated tubules to the limiting membrane of late
endosomes and lysosomes (11-13). The melanosome has
served as a prototype for LRO biogenesis studies in part because
of the availability of both mutant HPS-like mice with obvious
coat color phenotype and an excellent cell line model system,
the MNT-1 pigmented human melanocytic cells (2, 4-6, 8, 9,
14-16). Analogous to its function in lysosome biogenesis, AP-3
mediates the transport of cargo integral membrane proteins
such as the melanogenic enzyme tyrosinase from early endo-
some-associated tubules to maturing melanosomes (11, 14, 15,
17). In contrast to AP-3, the function of the BLOCs at the
molecular level is not well understood. However, BLOC-1 and
-2 also localize to early endosome-associated tubules and are
part of the machinery that mediates vesicular transport of inte-
gral membrane proteins to lysosomes and melanosomes (7, 14,
17-19). Moreover, BLOC-2 defines a trafficking pathway from
early endosomes to maturing melanosomes that is parallel to
the AP-3-dependent pathway (3, 17). Accordingly, the AP-3
and BLOC-2 single mutant mice are moderately hypopig-
mented, but the AP-3/BLOC-2 double mutant mice display a
severe coat color phenotype (17). Consistently, epistatic defects
were observed for the trafficking of a melanosomal cargo pro-
tein, tyrosinase-related protein 1 (Tyrpl), in cultured melano-
cytes isolated from the corresponding single and double mutant
mice (17). Other studies have shown alternative routes for tyro-
sinase exiting early endosome-associated tubules and presum-
ably leading to maturing melanosomes in MNT-1 cells and
mouse melanocytes (15). One such route was defined by AP-3
and the other by another member of the AP family, AP-1, which
in melanocytes is also involved in a trafficking pathway from
early endosomes to melanosomes (15, 20). It has not yet been
established if the AP-3-independent pathways originating from
early endosome-associated tubules in the different reports (i.e.
BLOC-2-dependent and AP-1-dependent) correspond to the
same or separate trafficking routes (15, 17, 20).

How are LROs formed in relationship with lysosomes? One
possibility is that the LRO replaces the lysosome in the special-
ized cell and that expression of cell type-specific proteins with
lysosomal targeting signals provides the organelle with the LRO
function in addition to the degradative role of conventional
lysosomes. This may be the case for the lytic granule (1). In
contrast, most LROs, including melanosomes and platelet-
dense granules, coexist with conventional lysosomes as distinct
organelles in the same cell (21, 22). Therefore, sorting mecha-
nisms must exist to segregate newly synthesized LRO and con-
ventional lysosomal components (11). This problem is particu-
larly puzzling because most of the known elements of the
trafficking machinery such as AP-3 and the BLOCs are shared
for the biogenesis of both lysosomes and LROs (1, 3-7, 10, 11,
17). Moreover, these common components of the trafficking
machinery are ubiquitously expressed, as expected for a func-
tion in lysosome biogenesis (5, 10, 11). Thus, an outstanding
question is what are the factors that direct the ubiquitous traf-
ficking machinery toward LROs in cells that simultaneously
produce conventional lysosomes (3, 11, 17)?

Rab proteins are GTPases of the Ras superfamily that confer
target and timing specificity to vesicle budding, motility, teth-
ering, docking, and fusion within the eukaryotic secretory and
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endosomal pathways (23, 24). Rab38 and its close homolog
Rab32 are expressed in a highly tissue-specific manner, chiefly
in LRO-producing cells such as melanocytes, platelets, and lung
type II epithelial cells (24-29). Rodent models of HPS with
mutations in Rab38 display hypopigmentation, prolonged
bleeding, and lung disease due to defective biogenesis of mela-
nosomes, platelet-dense granules, and lamellar bodies, respec-
tively (24 —32). The pigmentation phenotype elicited by Rab38
deficiency is mild (25). However, when melanocytes isolated
from Rab38 mutant mice were subjected to siRNA knockdown
of Rab32, the resulting phenotype was much more severe, and
the trafficking of both tyrosinase and Tyrpl was altered (27).
This result placed Rab38 and Rab32 as key players in LRO bio-
genesis and implied that Rab32 is able to functionally compen-
sate for Rab38, at least in part, or that they operate in parallel
pathways (27). This apparently epistatic relationship between
Rab38 and Rab32 is analogous to the one described between
AP-3 and BLOC-2 and raised the exciting possibility that these
Rabs could be the specificity factors that work in concert with
the ubiquitous trafficking machinery for transport toward
LROs (17,27). Despite the initial progress made in the field with
the discovery of Rab38 and Rab32 involvement in LRO biogen-
esis, several questions remain unanswered (27, 33). Where do
the Rabs function and who are their partners? Can Rab38 func-
tionally compensate for Rab32 deficiency? Do they have nonre-
dundant roles in melanosome biogenesis?

Using gene silencing, biochemical, and imaging approaches,
we show that BLOC-2, AP-3, and AP-1 interact physically and
functionally with Rab38 and Rab32 to mediate melanosome
biogenesis. The results indicate Rab38 and Rab32 operate
together with the ubiquitous transport machinery in pathways
from early endosomal domains toward maturing melanosomes.
Analysis of the three melanin-synthesizing enzymes, tyrosin-
ase, Tyrpl, and Tyrp2, and overall melanin production show
Rab38 and Rab32 have both redundant and nonredundant roles
in melanosome biogenesis.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies—The cDNA for Rab32, Rab38, and
Rabll were amplified from total RNAs of MNT-1 cells by
reverse transcriptase-PCR and subsequently cloned in-frame
into pGEX-5X-1 and pET-30a™ bacterial expression vectors
(for expression and purification of GST- and polyhistidine-
tagged proteins, respectively). Rabbit and rat polyclonal anti-
bodies were generated against purified GST-Rab38 or GST-
Rab32. Antibodies were affinity-purified from sera using either
polyhistidine-Rab38 or GST-Rab32 covalently coupled to Affi-
Gel 15 beads (Bio-Rad). Anti-Rab32 serum was passed through
a GST-Affi-Gel 15 column, to remove anti-GST antibodies.

Other antibodies used are as follows: affinity-purified rabbit
antibody to HPS6 (HP6D, gift from E. C. Dell’Angelica (34));
AP-3 B (Protein Tech); mouse monoclonal antibodies against
HPS4 and pallidin (gift from E. C. Dell’Angelica (17, 35)); AP-36
(SA4, gift from A. A. Peden (13)); AP-3u (18/p47A, BD Biosci-
ences); AP-1y (100/3, Sigma); clathrin heavy chain (X22,
Abcam); Tyrpl (MEL-5/TA99, Santa Cruz Biotechnology);
tyrosinase (T311, Santa Cruz Biotechnology); Tyrp2 (C-9,
Santa Cruz Biotechnology); SNX1 (clone 51, BD Biosciences);
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EEA1 (clone 14, BD Biosciences); a-tubulin (DM1A, Sigma).
Control rabbit IgG was from Southern Biotechnology (Bir-
mingham, AL). Alexa-488- and Alexa-546-conjugated second-
ary antibodies were from Invitrogen, and horseradish peroxi-
dase (HRP)-conjugated secondary antibodies were from GE
Healthcare.

Cell Culture—Human MNT-1 cell line was cultured as
described previously (36). Transfection for siRNA was performed
using the Nucleofector electroporation system (Lonza) and the
NHEM-Neo kit with MNT-1 cells subcultured 2—-3 days before
transfection. Two sequential siRNAs treatments were performed
on days 1 and 4, and cells were analyzed on day 7. Oligonucleotides
used for siRNA are as follows: 8 subunit of AP-3 (17); HPS6 sub-
unit of BLOC-2 (Sigma, SASI_Hs01_00035287); -y subunit of AP-1
(Sigma, SASI_Hs01_00151148); Rab32 (Sigma, SASI_Hs02_
00342400); Rab38 (Sigma, SASI_Hs01_00247037); and HPS4 sub-
unit of BLOC-3 and pallidin subunit of BLOC-1 (17).

Biochemical Procedures—Cytosolic and membrane fractions
of MNT-1 cells were prepared by homogenization in buffer A
(20 mm HEPES, pH 7.4, 50 mMm KCl, 1 mm dithiothreitol, 1 mm
EGTA, 1 mm MgCl,, 250 mM sucrose) containing a protease
inhibitor mixture (34), followed by centrifugation at 15,000 X g
for 10 min and then ultracentrifugation at 400,000 X g for 15
min, at 4 °C. The final membrane pellet was solubilized in 1 ml
of buffer A containing protease inhibitor mixture and 1% (w/v)
Triton X-100. Triton X-100 was added to the cytosolic fraction
to match the detergent concentration. Both fractions were
cleared by centrifugation for 10 min at 15,000 X gbefore immu-
noprecipitation, which was performed as described above (34)
except for the use of buffer A in all washing steps, three times
with 0.1% (w/v) Triton X-100, and then once without detergent.
Guanidine nucleotide exchange of GST-Rab fusion proteins
and GST pulldown assays was performed as described previ-
ously (37).

For membrane association experiments, cytosol and mem-
brane fractions were obtained from MNT-1 cells by homogeni-
zation in buffer B (10 mm HEPES, pH 7.4, 250 mM sucrose, 1 mm
dithiothreitol, 1 mm EGTA, 0.5 mm MgCl,, 0.25 mm GTP~S,
and protease inhibitor mixture), followed by centrifugation for
5 min at 15,000 X g and for 15 min at 400,000 X g, at 4 °C.
Immunoblotting was performed as described previously (38).

Quantification of immunoblots was carried out by chemi-
fluorescent detection using a Storm 860 scanner (GE Health-
care) with an excitation wavelength of 450 nm and a 520 LP
emission filter or by scanning films. Integration of the band
intensities was performed using Image] (National Institutes of
Health).

Melanin Content—MNT-1 cells were centrifuged at 90 X g
for 10 min to pellet cells. Cell pellets were treated and analyzed
as described previously (39) by a spectrophotometric method at
500 nm using purified Sepia officinalis melanin (Sigma) as a
standard.

Immunofluorescence Microscopy and Antibody Internaliza-
tion Assay—Immunofluorescence staining, internalization of
antibodies, and leupeptin treatment were performed as
described previously (17, 40, 41). Rabbit anti-Rab32 and anti-
Rab38 were used in all costaining experiments except for
costaining with BLOC-2 (HPS6 subunit) where the corre-
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sponding rat anti-Rab32 and anti-Rab38 were utilized. For
labeling lysosomes with dextran, cells were incubated for 15 h at
37 °C in medium containing 50 ug/ml of fixable dextran-Alexa
Fluor 647 (Invitrogen) followed by a 4-h chase period in
medium lacking dextran. Immunofluorescence microscopy
samples were examined in a temperature-controlled chamber
at room temperature on an Olympus IX81 spinning disc con-
focal microscope with Photometrics Cascade II camera using a
X100/1.40NA objective. Images were acquired and analyzed in
Slidebook version 5 software (3i, Denver. CO). For determina-
tion of the percent of colocalization, each channel was sub-
jected to a Laplacian two-dimensional filter with a 3 X 3 kernel
(—1, 8, —1), and a binary mask was generated using a Ridler-
Calvard automated threshold method both on each channel
and on the overlap between the two individual channels in
Slidebook software. Pixel area overlap from the overlap mask
and each individual mask was used to calculate percent colocal-
ization. Negative controls for colocalization were performed
with peroxisomal markers (RFP-SKL and PMP34-GFP, gift
from P. K. Kim) that give a similar distributed punctate staining
as proteins of interest (42). The degree of colocalization
between AP-3, BLOC-2, Rab32, or Rab38 and the peroxisomal
markers RFP-SKL and PMP-GFP with this method was below
10%. Antibody internalization images were acquired at room
temperature using a Nikon Diaphot 300 microscope with Pho-
tometrics Cool SNAP camera using Metamorph software
under conditions optimized to prevent signal saturation.
Images were analyzed for total fluorescence intensity with
Image] software as described previously (17).

RESULTS

BLOC-2, AP-3, and AP-1 Interact Physically with Rab38 and
Rab32—To study endogenous human Rab38 and Rab32, we
raised both rabbit and rat polyclonal antibodies against purified
recombinant GST-Rab38 and GST-Rab32 and affinity-purified
them as described under “Experimental Procedures”. By immu-
noblotting analysis, both rabbit and rat antibodies to Rab38
recognized the endogenous protein from MNT-1 cell extracts
and did not cross-react with Rab32 or any other protein (sup-
plemental Fig. S1). Conversely, both rabbit and rat antibodies to
Rab32 recognized the endogenous protein and did not cross-
react with Rab38 or any other protein (supplemental Fig. S1).
Notice Rab32 has a slightly slower mobility than Rab38, con-
sistent with a 14-residue longer amino acid sequence. Rabbit
anti-Rab38 and anti-Rab32 antibodies work very well for
immunoprecipitation of the corresponding endogenous pro-
tein from MNT-1 cell extracts (supplemental Fig. S1). Immu-
noprecipitated Rab38 was recognized by both rabbit and rat
anti-Rab38 antibodies by immunoblotting, and immunopre-
cipitated Rab32 was recognized by both rabbit and rat anti-
Rab32 antibodies. Importantly, anti-Rab38 antibodies did not
immunoprecipitate Rab32, and conversely, anti-Rab32 anti-
bodies did not immunoprecipitate Rab38 (supplemental Fig.
S1). As expected, knockdown of Rab38 or Rab32 expression by
siRNA treatment of MNT-1 cells resulted in a significant
decrease of the corresponding polypeptide, further demon-
strating the specificity of the antibodies (supplemental Fig. S2,
lanes 6 - 8).
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FIGURE 1. Rab32 and Rab38 coimmunoprecipitate with BLOC-2, AP-3,
and AP-1 but not with AP-2. MNT-1 cells were homogenized in the absence
of detergents, and the homogenate was centrifuged to yield cytosolic and
membrane fractions. The membrane fraction was solubilized in buffer con-
taining 1% Triton X-100, and the same concentration of detergent was added
to the cytosol to match the buffer compositions (see “Experimental Proce-
dures”). Both cytosolic and solubilized membrane fractions were divided into
aliquots and subjected to immunoprecipitation (IP) using irrelevant IgG, anti-
Rab32, or anti-Rab38 rabbit antibodies. The immunoprecipitates, together
with an aliquot of the input extracts corresponding to 1% of the material
available for immunoprecipitation, were analyzed by immunoblotting (/B)
using antibodies to the HPS6, 13, v, and-a subunits of BLOC-2, AP-3, AP-1,and
AP-2, respectively.

To test for physical association of Rab38 and Rab32 with
BLOC-2, AP-3, and AP-1, MNT-1 cell extracts were subjected
to immunoprecipitation under nondenaturing conditions
using control IgG, anti-Rab38, or anti-Rab32 antibodies. The
washed immunoprecipitates were analyzed by immunoblotting
for the presence of BLOC-2, AP-3, and AP-1 using antibodies to
the HPS6, w3, and vy subunits, respectively (Fig. 1). As another
specificity control, the immunoprecipitates were also analyzed
for the presence of the endocytic adaptor complex AP-2 using
antibodies to its « subunit (Fig. 1). BLOC-2, AP-3, AP-1, AP-2,
and Rab proteins exist as both soluble and membrane-associ-
ated pools (17, 24, 27); therefore, parallel experiments were car-
ried out using both cytosolic and solubilized membrane
extracts. As shown in Fig. 1, BLOC-2, AP-3, and AP-1 were
detected in the Rab38 and Rab32 immunoprecipitates obtained
from solubilized membrane extracts but not from those
obtained from cytosolic extracts. Importantly, AP-2 was not
detected in the Rab38 or Rab32 immunoprecipitates obtained
from solubilized membranes or cytosolic extracts. These
results suggest that endogenous Rab38 and Rab32 interact,
directly or indirectly, with BLOC-2, AP-3, and AP-1. The find-
ing that it is the membrane-bound form of the Rabs that par-
ticipates in the interaction suggests a role of the GTP-bound
form of the Rabs.

We confirmed the interaction of Rab32 and Rab38 with
BLOC-2, AP-3, and AP-1 using pulldown assays. GST-Rab32
and GST-Rab38 were immobilized on glutathione-Sepharose,
and their bound nucleotide was exchanged for GDP or GTP+S,
amore stable analog of GTP. Subsequently, each Rab was incu-
bated with MNT-1 cytosolic extract, as a source of free
BLOC-2, AP-3, and AP-1- supplemented with GDP or GTP~S,
respectively. As controls, GST and GST-Rab11 were analyzed
in parallel following the same procedure. By immunoblotting
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FIGURE 2. GTP-dependent interaction of Rab32 and Rab38 with BLOC-2,
AP-3, and AP-1. GST pulldown using cytosolic extracts from MNT-1 cells and
~20 ng each of GST, GST-Rab11, GST-Rab32, or GST-Rab38 immobilized on
glutathione-Sepharose and loaded with GDP or the stable GTP analog,
GTP~S. The washed glutathione-Sepharose beads, together with an aliquot
of the input cytosol corresponding to 1 or 20% of the material available for
pulldown, were analyzed by immunoblotting (/B) using antibodies to the
HPS6, B3, v, and a subunits of BLOC-2, AP-3, AP-1, and AP-2, respectively. The
bottom panel corresponds to a Coomassie Blue-stained gel and shows
the GST fusion proteins.

we observed that BLOC-2, AP-3, and AP-1 bound to GST-
Rab32 and GST-Rab38 but not to GST or GST-Rab11 (Fig. 2).
Furthermore, BLOC-2 and AP-3 bound almost exclusively to
the GTPyS form of Rab32 and Rab38 compared with the GDP
forms (Fig. 2). AP-1 also showed a preference for the GTPvyS
form of Rab32 and Rab38 but less dramatically than BLOC-2 or
AP-3 (Fig. 2). As an additional specificity control, we tested for
AP-2, which did not bind to either GST-Rab regardless of the
nucleotide form (Fig. 2). These experiments suggest BLOC-2,
AP-3, and AP-1 are effectors of Rab32 and Rab38 and that the
interactions are likely direct.

BLOC-2 and AP-3 Regulate the Rab38 Association with
Membranes—To perform functional studies, we first optimized
the conditions to achieve significant knockdown of the targets
of interest in MNT-1 cells by siRNA (supplemental Fig. S2).
The most efficient gene silencing was obtained using the
Nucleofector system for oligonucleotide transfection and sub-
jecting the cells to two sequential siRNA treatments (see
“Experimental Procedures” for further details) (43). To address
the biological significance of the observed physical interactions
of BLOC-2, AP-3, and AP-1 with Rab38 and Rab32, we tested
whether membrane association of each Rab was affected by
deficiencies in their interacting partners. To this end, cytosolic
and membrane fractions were obtained from control MNT-1
cells or cells deficient for BLOC-2, AP-3, or AP-1, and the rel-
ative amounts of endogenous Rab38 or Rab32 in the membrane
fraction were determined by quantitative immunoblotting (17).
About 60% of Rab38 and 95% of Rab32 were found in the mem-
brane fractions of control MNT-1 cells, indicating a stronger
Rab32 membrane association at steady state (Fig. 34). Interest-
ingly, the relative amounts of Rab38 recovered from mem-
branes were reduced to about 25% in AP-3-deficient cells and to
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FIGURE 3.Rab38 association to membranes s altered by AP-3 and BLOC-2
deficiency but only BLOC-2 knockdown affects Rab38 stability. A, MNT-1
cells deficient for AP-1, AP-3, or BLOC-2 together with control cells were sub-
jected to a quick homogenization and ultracentrifugation procedure to yield
postnuclear membrane (M) and cytosolic (C) fractions (see “Experimental Pro-
cedures”). The samples were analyzed by immunoblotting (/B) using antibod-
ies to Rab32 or Rab38. The graph shows the percentage of total Rab38 or
Rab32 that was found in the membrane fraction in at least three independent
experiments (means = S.D.). For each Rab protein, the data corresponding to
AP-1-, AP-3-, or BLOC-2-deficient cells were compared with that of control
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less than 10% in BLOC-2-deficient cells (Fig. 34). Deficiency of
AP-1, however, did not have a statistically significant effect in
the fraction of Rab38 recovered from membranes. The relative
amount of Rab32 recovered from membranes was somewhat
decreased by deficiency in AP-3 or BLOC-2 compared with
control cells, but the difference did not reach statistical signif-
icance (Fig. 3A). Deficiency of AP-1 had no effect on the Rab32
membrane-associated pool. In several replicates of these exper-
iments, the overall amount of Rab38 was noticeably reduced in
BLOC-2-deficient cells. Hence, quantitative immunoblotting
analysis of the total amount of Rab38 was carried out in extracts
from control MNT-1 cells or cells deficient for AP-1, AP-3,
BLOC-2, or double deficient for AP-3 and BLOC-2. The total
amount of Rab38 was significantly reduced in cells deficient for
BLOC-2 or both BLOC-2 and AP-3, but not in AP-1- or AP-3-
deficient cells (Fig. 3B). A similar analysis for Rab32 showed
only a marginal decrease in BLOC-2-deficient cells (Fig. 3B).
Together, the data suggest that both AP-3 and BLOC-2 regulate
or stabilize the Rab38 association with membranes and that
BLOC-2 also regulates overall stability of Rab38. The stronger
link between Rab38 and BLOC-2 prompted us to examine the
converse relationship, i.e. if the association of BLOC-2 with
membranes was affected by deficiency of Rab38. Indeed, the
relative amounts of BLOC-2 recovered from membrane frac-
tions decreased from about 40% in control cells to 20% in
Rab38-deficient cells (Fig. 3C). In contrast, deficiency of Rab32
did not have any statistically significant effect on the relative
amounts of BLOC-2 recovered from membrane fractions (Fig.
3C). Overall, the data suggest a stronger connection between
Rab38 and the ubiquitous components of trafficking machinery
(AP-3 and BLOC-2), compared with Rab32.

BLOC-2, AP-3, and AP-1 Partially Colocalize with Rab38
and Rab32—Itis well established that the bulk of both AP-3 and
AP-1 localize to clathrin-coated buds on early endosome-asso-
ciated tubules in MNT-1 and other melanocytic cells (15, 17,
20). This has been shown by immunoelectron microscopy and
immunofluorescence microscopy with antibodies to the endog-
enous complexes (15, 17, 20). Endogenous BLOC-2 was also
localized to MNT-1 early endosome-associated tubules by
immunoelectron microscopy (17). Given the observed physical
association and effect on recruitment to membranes (Figs.
1-3), we sought to determine whether AP-3, AP-1, and
BLOC-2 colocalize with Rab38 and Rab32 in MNT-1 cells.
Confocal immunofluorescence microcopy was carried out
using the same antibodies to AP-3, AP-1, or BLOC-2, as in
previous reports (15, 17, 20), and our new antibodies to Rab38
and Rab32 (supplemental Figs. S1 and S2). Analysis of

cells by means of a t test. B, quantification of the total amount of Rab32 and
Rab38 present in extracts of MNT-1 cells treated with the indicated siRNAs
relative to control cells. Bars represent means = S.D. of at least three inde-
pendent experiments. One sample t test was used to compare the results
obtained from depleted cells with the reference value of 1 set for control cells.
C, MNT-1 cells deficient for Rab32 or Rab38 together with control cells were
processed as described in A. The samples were analyzed by immunoblotting
using antibodies to BLOC-2. The graph shows the percentage of total BLOC-2
that was found in the membrane fraction in three independent experiments
(means = S.D.). The data corresponding to Rab32- and Rab38-deficient cells
was compared with that of control cells by means of a t test. *, p < 0.05; **, p <
0.01.
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untreated cell stainings revealed that Rab38 has more cytosolic
distribution compared with Rab32 and that Rab32 stains more
structures, which is consistent with the biochemical evidence of
membrane-associated fractions for these Rabs (Figs. 34 and 4
and supplemental Fig. S3). An examination of subcellular dis-
tribution of endogenous Rab38 and Rab32 showed that both
proteins are mainly found in small puncta in perinuclear and
peripheral regions of MNT-1 cells (Fig. 4 and supplemental Fig.
S3). Specificity of the staining with Rab38 and Rab32 antibodies
was demonstrated by the drastic signal reduction observed
upon siRNA knockdown of the corresponding Rab protein
(supplemental Fig. S4). A significant degree of colocalization
was observed between the adaptor proteins AP-3 (48 = 2%) or
AP-1 (57 £ 2%) and Rab38 in several independent experiments
analyzing at least 45 cells (see “Experimental Procedures” for
further details) (Fig. 4). There was no discernable difference
between AP-3 and AP-1 structures labeled by Rab38 and those
without Rab38, and both types of structures are seen through-
out the cell. AP-3 and AP-1 also partially colocalized with
Rab32 albeit to a lower extent than with Rab38 (35 + 1 and 37 =
1%, respectively) (Fig. 4 and supplemental Fig. S3), which sug-
gests that the adaptor proteins may function more closely asso-
ciated with Rab38 than Rab32. Interestingly, a significant
amount of colocalization was observed between clathrin and
Rab38 or Rab32 (Fig. 4 and supplemental Fig. S3). Paralleling
the relative levels of colocalization with the adaptors, a higher
degree of colocalization was observed between clathrin and
Rab38 (49 * 3%) than between clathrin and Rab32 (34 * 1%).
Together, the data indicate Rab38 and Rab32 are likely
recruited to early endosomes during the vesicle budding proc-
ess before the clathrin coat has disassembled. The relative levels
of colocalization of AP-3, AP-1, and clathrin with each Rab
showed a consistent difference, perhaps indicating Rab38 is
recruited earlier than Rab32 during coat formation. In addition,
BLOC-2-labeled structures also showed partial colocalization
with Rab38 or Rab32 but to a similar extent (Fig. 4 and supple-
mental Fig. S3). Although the molecular function of BLOC-2 is
not clear, it has been suggested to operate both at early endo-
some-associated tubules and also in downstream transport
intermediates (14, 17, 18). It is possible that the Rabs are
recruited to nascent vesicles, where they interact with AP-3,
AP-1, or BLOC-2, and then remain associated with the vesicles
along with BLOC-2.

The above data are compatible with a role of Rab38 and
Rab32 in a pathway from specialized early endosome-associ-
ated tubules, defined by AP-3, AP-1, and BLOC-2, to maturing
melanosomes (Fig. 10). As a control for colocalization between
the Rabs and other early endosomal domains, we tested for
colocalization with EEA1 and the retromer complex subunit
SNX1, which label the vacuolar domain of early endosomes and
a retrieval pathway to the trams-Golgi network, respectively
(Fig. 5). Rab38 showed a very low level of colocalization with
EEA1 (4 = 1%) and SNX1 (4 = 1%) (Fig. 5) that was comparable
with the colocalization of Rab38 and peroxisomal markers used
as negative controls and quantified with the same image analy-
sis procedure (see “Experimental Procedures” for further
details). Likewise, Rab32 displayed a very low level of colocal-
ization with EEA1 (4 = 1%) and SNX1 (5 = 1%) (Fig. 5). We also
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tested for colocalization between Rab38 and Rab32 with mela-
nosome and lysosome markers. We used Tyrpl as a well estab-
lished melanosomal marker that at steady state primarily labels
stage III and IV melanosomes and internalized dextran chased
for 4 h to label mature lysosomes (Figs. 6 and 10). Both Rab38
and Rab32 showed partial colocalization with Tyrpl (36 = 7
and 36 £ 6%, respectively) and negligible colocalization with
internalized dextran (1 = 2 and 2 = 2%) (Fig. 6).

Melanocytes Deficient for Rab38 and Rab32 Display Abnor-
mal Cargo Trafficking and Steady State Levels—In cells defi-
cient for the ubiquitous components of the trafficking machin-
ery, such as AP-3, AP-1, and BLOC-2, newly synthesized
integral membrane protein cargoes are not properly sorted and
accumulate in early endosomes. This has been shown both for
lysosomal cargo such as LAMP-1 in nonspecialized cells and for
melanosomal cargo such as tyrosinase and Tyrpl in melano-
cytes (3, 11, 13-15, 17-20, 40, 44). Cargo accumulated in early
endosomes can subsequently leak into the recycling pathway to
the plasma membrane or enter into the ESCRT-dependent
multivesicular body pathway for degradation (Fig. 10) (3, 11,
13-15, 17-20, 40, 44). Therefore, as a consequence of disrupt-
ing the normal early endosome to melanosome transport, cargo
proteins exhibit increased traffic via the plasma membrane
and/or are subjected to degradation (3, 11, 13-15, 17-20, 40,
44). Melanocytes isolated from AP-3- or BLOC-2-deficient
mice showed both phenotypes (recycling through the plasma
membrane and degradation) when endogenous Tyrpl was ana-
lyzed (17). Melanocytes from AP-3/BLOC-2 double mutant
mice showed a more severe defect than each single mutant (17).
Here, we sought to determine whether Rab38 and Rab32 defi-
ciency also elicits such phenotypes. Live MNT-1 cells subjected
to siRNA treatment targeting each Rab alone or both simulta-
neously were incubated with antibodies to the luminal domain
of Tyrpl for 20 min and then fixed/permeabilized and pro-
cessed for fluorescence microscopy. The total fluorescence
intensity signal per cell (internalized antibody) was determined
for numerous cells per treatment (48 —231 cells per treatment),
averaged, and normalized to that of control cells (Fig. 7). Defi-
ciency of either Rab38 or Rab32 produces a statistically signifi-
cant but modest recycling phenotype. Simultaneous deficiency
of both Rabs elicits a more pronounced recycling phenotype
than either Rab alone. Thus, these results suggest Rab38 and
Rab32 are involved in Tyrp1 transport from early endosomes to
maturing melanosomes. To compare the relative severity of the
Tyrpl recycling phenotype, similar experiments were carried
out in parallel with cells deficient for AP-3 or AP-1 (Fig. 7). The
level of Tyrpl recycling in Rab-deficient cells was comparable
with that observed in AP-1-deficient cells but less severe than in
AP-3-deficient cells assayed under the same conditions.

A possible caveat with the antibody internalization assay is
that the observed surface expression of Tyrp1 could be second-
ary to increases in total Tyrpl expression. This possibility was
addressed by quantitative Tyrpl immunoblotting analysis of
crude extracts from MNT-1 cells subjected to the correspond-
ing siRNA treatment (Fig. 84). Single Rab38 or Rab32 defi-
ciency caused a marginal decrease in the total levels of Tyrpl,
compared with control cells. Deficiency in both Rabs caused a
more marked decrease in overall Tyrp1 levels (Fig. 84). There-
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and FIGURE 4. Rab38 partially colocalizes to proteins required

y endosomal domains to melanosomes. MNT-1

cells were fixed/permeabilized and costained with antibodies against Rab38 (A, D, G, and J) and the & subunit of AP-3 (B), the y subunit of AP-1 (E), the HPS6
subunit of BLOC-2 (H), or the clathrin heavy chain (K). Cells were imaged by confocal fluorescence microscopy, and Rab38 was found both on small structures
and in diffuse staining distributed throughout the cells. A significant number of AP-3- (B), AP-1- (E), BLOC-2- (H), and clathrin (K)-labeled structures show
colocalization with Rab38 in the merged images (C, F, |, and L). Boxed areas are shown in the magnified insets, where arrowheads indicate sites of colocalization.

Scale bars indicate 10 um.

fore, the observed increase in Tyrp1 recycling in Rab -deficient
MNT-1 cells is not due to an overall increase in Tyrp1l expres-
sion. Moreover, a lower steady state level of Tyrp1 in Rab-defi-
cient cells would be consistent with a scenario in which the
melanogenic enzyme cannot properly traffic from early endo-

19556 JOURNAL OF BIOLOGICAL CHEMISTRY

somes to maturing melanosomes, thus accumulating in early
endosomes and leaking into the degradative multivesicular
body pathway (Fig. 10). Following the same approach, extracts
from MNT-1 cells deficient for each Rab or both simultane-
ously were analyzed for the total amounts of tyrosinase and
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A Rab38

FIGURE 5. Rab38 and Rab32 do not colocalize to proteins that label early endosome vacuolar domains or the retrieval pathway to the trans-Golgi
network. MNT-1 cells were fixed/permeabilized and costained with antibodies against Rab38 (A and G) or Rab32 (D and J) and Early Endosome Antigen 1, EEA1
(B and E), or the retromer subunit Sortin Nexin 1, SNX1 (H and K). Cells were imaged by confocal fluorescence microscopy, and only background levels of
colocalization were detected in the merged images (C, F, |, and L). Boxed areas are shown in the magnified insets. Scale bars indicate 10 um.

Tyrp2, the other two enzymes responsible for melanin synthe-
sis in melanosomes. Tyrosinase was somewhat reduced in
Rab38- or Rab32-deficient cells and more so in the double defi-
cient cells, compared with control cells (Fig. 84). Tyrosinase
and Tyrpl followed a similar trend although the defect was
more marked for tyrosinase. Notably, Tyrp2 showed a very
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strong reduction in Rab32-deficient cells but normal levels in
Rab38-deficient cells (Fig. 8A4). The steady state levels of tyro-
sinase, Tyrpl, and Tyrp2 in single and double Rab-deficient
cells were partially rescued by incubation with the lysosomal
protease inhibitor leupeptin in agreement with mistrafficking
to the degradative pathway in the absence of Rab32/Rab38
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FIGURE 6. Rab38 and Rab32 partially colocalize to melanosomes but not to lysosomes. MNT-1 cells were fixed/permeabilized and costained with anti-
bodies against Rab38 (A) or Rab32 (D) and the melanosomal protein Tyrp1 (Band E). Alternatively, cells were allowed to internalize dextran/Alexa-647, followed
by a chase period of 4 h to ensure specific labeling of mature lysosomes (H and K), fixed/permeabilized, and stained with antibodies against Rab38 (G) or Rab32
(J). Cells were imaged by confocal fluorescence microscopy, and both Rab38 and Rab32 were found to partially colocalize with the melanosome marker Tyrp1
(Cand F) but not with lysosomes (/ and L) in the merged images. Boxed areas are shown in the magnified insets. Scale bars indicate 10 um.

(supplemental Fig. S5). Taken together, these results are con-  biogenesis. On the one hand, both Rabs appear to be involved in
sistent with a model in which the Rabs function in the trafficof the transport of tyrosinase and Tyrpl in an epistatic fashion
all three tyrosinase family members from early endosomes to  such that deficiency in one Rab is not severe because the other
maturing melanosomes. In addition, these results underscore Rab can still carry out transport, but deficiency in both Rabs
similarities and differences between the Rabs in melanosome results in a more important phenotype. On the other hand,
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FIGURE 7. Knockdown of Rab32 or Rab38 causes mistrafficking of Tyrp1.
Live MNT-1 control cells or cells deficient for AP-3, AP-1,Rab32, Rab38, or both
Rab32 and Rab38 were incubated in media containing a mouse anti-Tyrp1
antibody for 20 min at 37 °C and subsequently fixed, permeabilized, and
immunostained with an Alexa-488-conjugated anti-mouse IgG. Cells were
imaged using an epifluorescent microscope, and the relative amounts
of internalized anti-Tyrp1 antibody were estimated as the average fluores-
cence intensity per cell determined with ImageJ and normalized to control
cells (means = S.D.). Result from at least three independent experiments, n >
48 for each treatment, were compared with control cells (or between the
Rab32/Rab38 double knockdown and the corresponding single knock-
downs) by means of a t test, *, p < 0.05.

Rab32 is strictly necessary to maintain normal Tyrp2 steady
state levels, suggesting Rab32 has unique functions in Tyrp2
transport to the maturing melanosome.

Rab32 and Rab38 Functions in Melanosome Biogenesis Are
Partially Redundant—Another unresolved matter concerns
the relative overall relevance of each Rab for melanosome bio-
genesis (27, 33). Are they able to functionally compensate for
each other? The fact that the Rab38 mutant mouse, chocolate, is
hypopigmented indicates that Rab32 cannot fully compensate
for Rab38 deficiency (25). Is the converse also true? Analysis of
the cargo enzymes suggests partial functional compensation
between the Rabs for tyrosinase and Tyrp]1 traffic to maturing
melanosomes, but Rab32 appears to be strictly necessary for
normal Tyrp2 traffic (Figs. 7 and 8A). Analysis of particular
cargo proteins gives important clues but also has its limitations,
and we do not yet know the identity or roles of all the cargo
proteins involved in melanosome formation (45). Therefore,
overall melanin production is probably the most faithful and
quantitative measure of proper melanosome biogenesis and an
adequate way to determine to what extent a particular compo-
nent is needed (9, 17, 20, 46). By visual inspection, we consis-
tently noticed that Rab32-deficient MNT-1 cells were signifi-
cantly hypopigmented, even more so than cells deficient for
Rab38. This was particularly apparent after collecting the cells
by centrifugation. To test whether the observed differences
were significant, total melanin was extracted and quantified
from MNT-1 control cells or cells deficient for Rab38 and
Rab32 or simultaneously both Rab38 and Rab32. Several inde-
pendent replicates were carried out, and AP-1-deficient cells
were also analyzed for comparison. Consistent with the mild
hypopigmentation of chocolate mice, Rab38 deficiency caused a
moderate loss of melanin in MNT-1 cells (Fig. 88). Importantly,
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FIGURE 8. Rab32 and Rab38 are required for normal steady state levels of
tyrosinase, Tyrp1, and Tyrp2 and are not fully redundant in overall mela-
nosome biogenesis. A, immunoblotting analysis of total cell extracts from
control MNT-1 cells and cells deficient for Rab32, Rab38, or both Rab32 and
Rab38 was performed and quantified to determine the total abundance of
tyrosinase (black), Tyrp1 (gray), and Tyrp2 (white) relative to control cells.
Results correspond to three independent experiments normalized to number
of cells, and compared using the t test, *, p < 0.05; **, p < 0.01. B, melanin was
extracted from MNT-1 control cells or cells deficient for AP-1, Rab32, Rab38, or
both Rab32 and Rab38 and quantified by a spectrophotometric method.
Results correspond to at least three independent experiments normalized to
number of cells and abundance of melanin in control cells, *, p < 0.05.

Rab32-deficient MNT-1 cells contained less melanin than con-
trol cells (and Rab38- or AP-1-deficient cells) (Fig. 8B). This
result suggests Rab32 is a critical component for mature mela-
nosome biogenesis and that Rab38 cannot fully compensate for
Rab32 deficiency. Consistent with a significant role for Rab32 in
overall melanosome biogenesis, Rab32/Rab38 double defi-
ciency did not significantly worsen the phenotype elicited by
Rab32 single deficiency (Fig. 8B). One trivial explanation for
these results is that MNT-1 cells may express substantially
more Rab32 than Rab38, but we found comparable amounts of
both Rabs by quantitative immunoblotting of total cell extracts.
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FIGURE 9. Cells deficient for BLOC-3 display abnormal Tyrp2 steady state
levels. Immunoblotting (/B) analysis of total cell extracts from control MNT-1
cells and cells deficient for BLOC-3 or BLOC-1 was performed and quantified
to determine the total abundance of Tyrp2 relative to control cells. Results

correspond to three independent experiments normalized to number of cells
and compared using the t test, *, p < 0.05.

In fact, Rab38 is expressed at slightly higher rather than lower
levels compared with Rab32 (130 versus 89 pg of Rab per ug of
total proteins) (supplemental Fig. S6). Additionally, no com-
pensatory up-regulation of Rab32 was observed upon siRNA
knockdown of Rab38 or vice versa (supplemental Fig. S2).
Taken together, these results imply that the Rabs cannot fully
functionally compensate for each other during biogenesis of
mature melanosomes.

Melanocytes Deficient for BLOC-3 but Not BLOC-1 Display
Abnormal Tyrp2 Steady State Levels—To test the possibility
that Tyrp2 transport depends on BLOC-1 or BLOC-3, we car-
ried out quantitative Tyrp2 immunoblotting analysis of crude
extracts from MNT-1 cells subjected to the corresponding
siRNA treatment (Fig. 9). MNT1 cells deficient for BLOC-3
displayed a statistically significant decrease in Tyrp2 steady
state levels, whereas BLOC-1 deficiency had no effect (Fig. 9).

DISCUSSION

The finding that cell type-specific Rab38 and Rab32 are
involved in the biogenesis of LROs raised the possibility that
these proteins could operate together with the ubiquitous traf-
ficking machinery for transport toward LROs in specialized cell
types (24 -31). However, no evidence has been reported for a
link between the BLOC or AP complexes involved in LRO bio-
genesis and Rab38 or Rab32. In this study, we demonstrate that
AP-3, AP-1, and BLOC-2 interact physically and functionally
with Rab38 and Rab32 to mediate transport of integral mem-

19560 JOURNAL OF BIOLOGICAL CHEMISTRY

Recyclin
fEndgsomge

Early
Endosome

Late R0 K
Endosome/M\@\; ‘Lysosome

9 AP-1 ® AP-2 ©AP-3 @BLOC-2

©Rab38

o Rab32 J

FIGURE 10. Model for AP-3, AP-1, and BLOC-2 cooperation with Rab38
and Rab32 to mediate transport to maturing melanosomes. Rab38 and
Rab32 interact with AP-3, AP-1, and BLOC-2 at early endosome membrane
domains where cargo such as the tyrosinases are concentrated and packaged
into transport intermediates. Upon budding, some components of the coat
(AP-3, AP-1, and clathrin) dissociate from the vesicle but others remain bound
(Rab32, Rab38, and possibly BLOC-2) to mediate further transport, tethering,
and fusion with maturing melanosomes. During melanosome biogenesis,
transition between stage Il and stage Il occurs upon incorporation of the
melanogenic enzymes with the concomitant beginning of melanin synthesis,
and thus vesicles defined by Rab32 and Rab38 likely target this melanosome
maturation stage. Deficiency in different components of these pathways elic-
its cargo accumulation in the early endosomes that eventually leaks into
other pathways such as the recycling pathway toward the plasma membrane
or the late endosome/multivesicular body (MVB) degradative pathway.

brane proteins from specialized early endosomal domains to
maturing melanosomes.

We show that endogenous Rab38 and Rab32 can associate
with AP-3, AP-1, and BLOC-2 into macromolecular assemblies
that are stable enough to allow detection by coimmunoprecipi-
tation (Fig. 1). Our results show the interactions between the
Rabs and AP-3, AP-1, and BLOC-2 occur on membranes but
not in the cytosol, suggesting a role of the GTP-bound form of
the Rabs. Indeed, in GST-Rab pulldown experiments, the inter-
actions showed a strong preference for the GTP form of the
Rabs. Because cytosolic AP-3, AP-1, and BLOC-2 presumably
represent the “free form” of these complexes, their interaction
with purified GST-Rab38 and GST-Rab32 are likely direct,
although the possibility of a bridging protein cannot be ruled
out. Consistent with these physical interactions, a significant
degree of colocalization was observed between AP-3, AP-1, and
BLOC-2 and the Rabs (Fig. 4 and supplemental Fig. S3). The
bulk of AP-3 and AP-1 has been shown to localize to coated
structures budding off from distinct tubular early endosomes or
vesicles in MNT-1 and other melanocytic cells (Fig. 10) (15, 17,
20). In line with these observations, clathrin partially colocal-
ized with the Rabs, but markers of other endosomal domains,
EEA1 and the retromer complex, did not. Moreover, clathrin
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partially colocalized with Rab38 and Rab32 to a similar degree
as the clathrin adaptors AP-3 and AP-1, suggesting that the
Rabs are recruited in the budding process.

In support of the idea that the interactions of AP-3, AP-1, and
BLOC-2 with the Rabs are biologically relevant, we show that
knockdown of either Rab38 or Rab32 or both simultaneously
elicits the same phenotypes as deficiency in AP-3, AP-1, or
BLOC-2. On the one hand, deficiency in the Rabs causes
enhanced Tyrpl recycling through the plasma membrane, a
defect previously observed in primary melanocytes from AP-3
and BLOC-2 mutant mice and also detected here in MNT-1
cells deficient for AP-3 or AP-1 (Fig. 7) (17). On the other hand,
Rab deficiency elicits reduced overall levels of the tyrosinase
family members paralleling the results obtained with melano-
cytes from AP-3 and BLOC-2 mutant mice, or from HPS
patients with mutations in AP-3 and BLOC-2 (Fig. 84) (17, 47,
48). These cargo trafficking data, together with the physical
interactions and colocalization results, are most consistent
with a model in which the Rabs function in pathways from early
endosome-associated tubules to maturing melanosomes (Fig.
10). Such a location fits well with the established model for
AP-3-, AP-1-, and BLOC-2-dependent transport of tyrosinase
and Tyrpl from early endosomes to maturing melanosomes
and places the Rabs as acting downstream of the early endo-
some with potential roles in vesicle motility or fusion events (3,
14, 15, 17, 18, 20, 44). This model also provides a satisfactory
explanation to the observed cargo phenotypes. Disruption of
transport from early endosomes toward melanosomes causes
accumulation of the cargo in early endosomes and leakage into
the recycling pathway to the plasma membrane and/or into the
degradative multivesicular body/lysosomal pathway. This
model is also compatible with a previous electron microscopy
study that found overexpressed GFP-Rab38 in both MNT-1
cells and mouse melanocytes localized to tubules, vesicles, and
melanosomes (27). These three structures (tubules, vesicles,
and melanosomes) contained tyrosinase and Tyrpl and would
correspond to the model donor compartment, transport inter-
mediate, and target organelle, respectively (Fig. 10). In fact we
also found that both endogenous Rab38 and Rab32 partially
colocalize with melanosomes, thus supporting the proposed
model (Figs. 6 and 10). Finally, this model is consistent with the
recently discovered interaction between the Rab38/32 effector
protein Varp and VAMP?7 (46, 49). Varp plays a role in Tyrpl
transport to the melanosome, and VAMP?7 is a well known ves-
icle SNARE protein of the AP-3- and BLOC-1-dependent path-
way involved in vesicle fusion with late endosomes/lysosomes
(11, 19). Alternatively or in parallel, Rab32 and Rab38 might
participate in a post-Golgi route that goes from the trans-Golgi
network directly to the maturing melanosomes, without an
early endosome step between the trans-Golgi network and
melanosomes (27). For all the reasons discussed above, we favor
the early endosome route as the main Rab32/Rab38-dependent
pathway to maturing melanosomes.

The Tyrpl recycling phenotype found in AP-3-depleted
MNT-1 cells (Fig. 7) recapitulates a similar observation made
with melanocytes from AP-3 mutant mice using the same
approach (17). This result seems to be at variance with that of a
previous article reporting a relatively normal steady state local-
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ization of Tyrpl in fixed melanocytes from patients with AP-3
deficiency (48). However, we note that the Tyrpl immunofluo-
rescence staining shown in that report in AP-3-deficient mela-
nocytes appears to be significantly less intense than in normal
melanocytes (48), thus in agreement with our previous results
with melanocytes from AP-3 mutant mice (17) and results pre-
sented here with MNT-1 cells. It is likely that in AP-3-deficient
cells, a proportion of Tyrpl molecules eventually reach the
melanosomes using the AP-1/BLOC-2 route(s) thus explaining
the fixed cell analysis in the earlier report (48). The recycling
assay with live cells is designed to detect molecules transiently
exposed at the cell surface with high sensitivity that would be
difficult to appreciate at steady state by confocal fluorescence
or thin section electron microscopy. A complete understanding
of the adaptor requirement for transport of each tyrosinase
family member will require further elucidation.

Results presented here shed light on aspects of Rab38 and
Rab32 that were previously unexplored (33). Our findings sug-
gest Rab38 and Rab32 have functional similarities and differ-
ences in melanosome biogenesis. For instance, both Rabs inter-
act with AP-3, AP-1, and BLOC-2; however, the connection
with Rab38 is stronger than with Rab32, and our data suggest it
is possible that Rab38 operates earlier than Rab32 in the path-
ways from early endosomes to maturing melanosomes. First,
AP-3, AP-1, and clathrin display a higher degree of colocaliza-
tion with Rab38 than with Rab32 (Fig. 4 and supplemental Fig.
S3). Second, Rab38 association with membranes is decreased
after knockdown of AP-3 or BLOC-2 but Rab32 is only margin-
ally affected (Fig. 3A). The functional relationship between
Rab38 and BLOC-2 is particularly strong. BLOC-2 deficiency
affected most severely the Rab38 association with membranes
and also compromised the overall Rab38 stability (Fig. 3, A and
B). Conversely, Rab38 (but not Rab32) deficiency affected
BLOC-2 association with membranes (Fig. 3C). This level of
interdependence between BLOC-2 and Rab38 resembles the
one observed between subunits of the same BLOC or AP com-
plex (10, 40). For instance absence of a BLOC-2 subunit such as
HPS3 causes a destabilization (although not complete absence)
of the other two subunits (HPS5 and HPS6) (50). Further con-
firming the strong Rab38-BLOC-2 connection, the coat color of
the chocolate mouse (with a Rab38 mutation) is very similar to
the BLOC-2 mutant strains, cocoa (HPS3), ruby-eye (HPS6),
and ruby-eye-2 (HPS5) (25, 29, 50). Nevertheless, the Rab38
association with BLOC-2 is likely transient rather than as com-
ponents of a stable complex. Unlike AP-3 and AP-1, the molec-
ular function of BLOC-2 is unknown. The tight association with
Rab38 discovered here will help future elucidation of BLOC-2
function at the molecular level.

Our results show additional similarities and differences
between Rab38 and Rab32 in terms of their requirement for
trafficking of specific cargoes and overall relevance for melano-
some biogenesis. Single deficiency in each Rab causes similar
and relatively modest Tyrp1 recycling phenotype or decrease in
the steady state levels of tyrosinase and Tyrpl (Figs. 7 and 8A).
In contrast, we observed drastically different effects for Tyrp2
steady state levels, which were severely reduced in Rab32-defi-
cient cells but not affected in Rab38-deficient cells. In addition,
tyrosinase and Tyrpl trafficking phenotypes are more severe in
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cells simultaneously deficient for both Rabs, compared with
single deficient cells (Figs. 7 and 8A). Thus, Rab32 appears to
more clearly cooperate with Rab38 in pathways utilized by
cargo such as tyrosinase and Tyrpl, which are also known to
depend on AP-3, AP-1,and BLOC-2 (4,11, 14, 15,17, 18, 20,47,
48, 51). Interestingly, the trafficking of Tyrp2 has been far less
characterized compared with that of tyrosinase and Tyrpl. Our
data suggest that Tyrp2 utilizes a pathway in which Rab32 is
strictly necessary and that it is at least partially different from
those of tyrosinase and Tyrp1 (Fig. 84). This result is consistent
with the finding that Tyrp1 but not Tyrp2 associates with tyro-
sinase in murine melanocytes in vivo (52). This apparently
Rab38-independent pathway toward melanosomes utilized by
Tyrp2, and perhaps other melanosome components, would
provide an explanation for the incomplete compensation by
Rab38 in Rab32-deficient cells as assessed by melanin content
(Fig. 8B). Conversely, incomplete compensation by Rab32 in
Rab38-deficient MNT-1 cells (Fig. 8B) is consistent with the
pigmentation defect of the chocolate mouse (25). Therefore, the
emerging picture is one in which the Rabs are only partially
redundant for melanosome biogenesis.

An interesting question is how does Rab32 carry out its
unique non-Rab38 redundant functions in melanosome bio-
genesis such as Tyrp2 traffic? As stated above, this trafficking
route appears to be different from the routes used by tyrosinase
and Tyrpl, which are also known to depend on AP-3, AP-1, and
BLOC-2 (4, 11, 14, 15, 17, 18, 20, 47, 48, 51). It is possible that
such a Tyrp2/Rab32 route is dependent on other components
of the ubiquitous machinery involved in melanosome biogene-
sis, such as BLOC-1 or BLOC-3. Analysis of MNT1 cells defi-
cient for BLOC-3 showed significantly decreased steady state
levels of Tyrp2, although BLOC-1 deficiency had no effect (Fig.
9). The Tyrp2 phenotype caused by BLOC-3 deficiency resem-
bles that elicited by Rab32 deficiency (Fig. 84). This result raises
the possibility that Rab32 participates in a separate route to
melanosomes that is dependent on BLOC-3 and used by cargo
such as Tyrp2. The molecular function of BLOC-3 is unknown.
Our results suggest a framework for the Rab32 unique func-
tions (nonredundant with Rab38) and will be important for
future studies aimed at elucidating the function of BLOC-3.
Rab32 may have additional unique functions unrelated to LRO
biogenesis as it was also reported to modulate the mitochondri-
ally associated membrane properties (53).

In conclusion, our results point to a novel mechanism for
directing the ubiquitous trafficking machinery from early endo-
somes toward maturing melanosomes and likely other LROs.
Tissue-specific Rab proteins, Rab38 and Rab32, interact with
AP-3, AP-1, and BLOC-2 and likely identify specialized early
endosomal domains for budding of transport intermediates
destined for maturing melanosomes. It is possible that a ubiq-
uitous Rab could define analogous early endosomal domains
for transport of membrane proteins to conventional lysosomes.
This could be the function of Rab7, which is involved in trans-
port to lysosomes and has recently been shown to be co-re-
cruited with AP-3 to artificial membranes containing the endo-
somal phospholipid phosphatidylinositol-3 phosphate (54). We
also obtained evidence that the Rabs have both overlapping and
exclusive functions for overall melanosome biogenesis and traf-
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fic of specific cargoes. Further study is needed to dissect the
mechanisms by which Rab38 and Rab32 execute redundant and
unique functions in trafficking to LROs.
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