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2Current address: Unité de Glycobiologie Structurale
et Fonctionnelle, UMR CNRS 8576, Université des
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Melanosomes are lysosome-related organelles that
coexist with lysosomes in mammalian pigment cells.
Melanosomal and lysosomal membrane proteins share
similar sorting signals in their cytoplasmic tail, raising
the question how they are segregated. We show that
in control melanocytes, the melanosomal enzymes
tyrosinase-related protein 1 (Tyrp1) and tyrosinase
follow an intracellular Golgi to melanosome pathway,
whereas in the absence of glycosphingolipids, they are
observed to pass over the cell surface. Unexpectedly,
the lysosome-associated membrane protein 1 (LAMP-
1) and 2 behaved exactly opposite: they were found to
travel through the cell surface in control melanocytes
but followed an intracellular pathway in the absence of
glycosphingolipids. Chimeric proteins having the cyto-
plasmic tail of Tyrp1 or tyrosinase were transported
like lysosomal proteins, whereas a LAMP-1 construct
containing the lumenal domain of Tyrp1 localized to
melanosomes. In conclusion, the lumenal domain con-
tains sorting information that guides Tyrp1 and prob-
ably tyrosinase to melanosomes by an intracellular
route that excludes lysosomal proteins and requires
glucosylceramide.
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Melanin pigment is synthesized in melanosomes, special-
ized organelles in melanocytes that are situated along the
secretory pathway but originate from a coated endosome
(1). Pigmentation-related disorders are caused by defects
in the formation of proper melanosomes. The main form of
oculocutaneous albinism is OCA2, which has been traced
to mutations in the P-protein (2), a melanosomal mem-
brane protein of unknown function that has homology to
anion channels. Other forms are caused by defects in
melanosomal enzymes, notably of the first two enzymes
in the pathway, tyrosinase and tyrosinase-related protein 1
(Tyrp1). Yet, other forms display no appreciable defect
in the enzymes themselves, but in their routing to the
melanosomes. For example, Hermansky–Pudlak syn-
drome type II patients bear mutations in the b3A subunit
of the heterotetrameric adaptor protein (AP)-3 complex (3).
This adaptor complex has been shown to bind to a dileucine
signal in the cytosolic tail of tyrosinase (4), but probably not
Tyrp1 (5), and is involved in tyrosinase transport to the
melanosomes (5,6). Notably, AP-3 also binds to the cyto-
plasmic tails of lysosomal membrane proteins (4), the bulk
of which in melanocytes is transported to the lysosomes
and not to the melanosomes (1). Moreover, an increase in
cell surface appearance of lysosome-associated mem-
brane protein 1 (LAMP-1) has been well characterized in
AP-3-deficient cells (3,7–9). In this study, we address how
melanocytes differentially sort their lysosomal and mela-
nosomal membrane proteins to better understand the
potentially conserved, but as yet poorly understood, mech-
anisms of sorting between endocytic organelles that share
common progenitor compartments.

We have previously reported that the glycosphingolipid-
deficient melanocyte line GM95 lacks pigmentation
because of defects in transport of tyrosinase (10). Tyro-
sinase accumulates in the Golgi area of GM95 cells,
whereas Tyrp1 still reaches melanosome-like structures.
However, also Tyrp1 transport was changed because an
increased amount reached the cell surface, and its endo-
cytosis as measured by the uptake of anti-Tyrp1 antibodies
is increased. GM95 cells do not synthesize glycosphingo-
lipids because they lack a functional glucosylceramide
synthase (GCS). Protein sorting and melanin synthesis
could be restored by transfection with functional GCS,
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showing that glycosphingolipids are required for intra-
cellular transport of melanosomal proteins. Conversely,
knocking down GCS by RNA interference (RNAi) inhibited
pigmentation (11). Exactly which glycosphingolipids are
involved in melanosomal protein sorting and at which step
of the transport route has remained unclear.

The glycosphingolipid glucosylceramide (GlcCer) is synthe-
sized by GCS in all mammalian cells and serves as the
basis for a highly polymorphic class of complex glyco-
sphingolipids (12). Glycosphingolipids are of vital import-
ance for mammals, and defects in GCS expression are
embryonically lethal in mice (13). There is ample evidence
to suggest that glycosphingolipids are not distributed
randomly over membrane surfaces but that they concen-
trate with cholesterol at specific locations into lipid rafts
and that this forms the basis for their selective transport in
the vacuolar membrane system of mammalian cells (14).
Originally, this mechanism was proposed to drive the
sorting of apical from basolateral membrane proteins in
the secretory pathway of epithelial cells (15). In neuroen-
docrine cells, lipid rafts were reported to sort proteins at
the Golgi into the secretory granules (16). Independently,
evidence has been provided for a role for lectins in sorting
membrane proteins into the apical transport pathway (17).
The missorting of melanosomal proteins in the absence of
glycosphingolipids (10) suggests that protein sorting
toward lysosome-related organelles also may involve
glycosphingolipid rafts or lectins.

In this study, we addressed the role of glycosphingolipids
in the biogenesis of functional organelles. We demon-
strate that the glycosphingolipid GlcCer, and not a higher
glycosphingolipid, is required for the intracellular sorting of
melanosomal proteins and melanosome biogenesis. In
contrast, the sorting of lysosomal membrane proteins by
an intracellular pathway only occurred in the absence of
glycosphingolipids. From experiments in which domains
were swapped between melanosomal, lysosomal and
plasma membrane proteins, we conclude that the discrim-
ination between melanosomal and lysosomal proteins
depends on lumenal sorting information in the cargo
proteins. We discuss how this may be linked to the
glycosphingolipids.

Results

Melanosome biogenesis requires GlcCer,
not higher glycolipids
The wild-type mouse melanocyte cell line MEB4 ex-
presses three major glycolipids: GlcCer, lactosylceramide
(LacCer) and the ganglioside GM3 (18). To address which
glycosphingolipid is required for pigmentation, we reduced
their levels by enzyme knockdown. MEB4 cells were
stably transfected with vectors that direct the synthesis
of small interfering RNAs against ceramide transport pro-

tein (CERT) (19), GCS, LacCer synthase (LacCerS) and
lamin as a control. Knocking down CERT or GCS decreased
the GlcCer and GM3 levels to<30% of control values. This
reduction was sufficient for creating a pigmentation defect
(Figure 1A). Knocking down LacCerS did not significantly
change the level of newly synthesized GlcCer but reduced
GM3 (through a reduction in LacCer) by a similar 70% as in
the CERT and GCS knockdown. This had no effect on cell
pellet color, showing that the level of newly synthesized
GlcCer, not LacCer or GM3, determined pigmentation.

The pigmentation defect in the absence of glycosphingo-
lipids is accompanied by a change in the transport route of
Tyrp1 (10). Like tyrosinase, Tyrp1 is normally transported
from the Golgi to the melanosomes without passing over
the cell surface. However, in GM95 cells, the presence of
Tyrp1 on the cell surface and its endocytosis as measured
by the uptake of anti-Tyrp1 antibodies are increased (10).
The level of antibody uptake reflects Tyrp1 ‘missorting’.
It inversely reflects how efficiently Tyrp1 is transported
to the melanosomes through the intracellular route. Tyrp1
missorting in GM95 cells was corrected by transfection of
GCS and by exogenous glucosylsphingosine (GlcSph;
Figure S1), which yields GlcCer independent of GCS
(10). Knocking down CERT or GCS in MEB4 cells induced
anti-Tyrp1 antibody uptake. Addition of GlcSph to CERT or
GCS knockdown cells restored the intracellular transport
of Tyrp1 (Figure 1B) and pigmentation (not shown). In
contrast, knocking down LacCerS in MEB4 cells did not
induce antibody uptake. We conclude that the intracel-
lular transport route of Tyrp1 requires GlcCer and that
LacCer or more complex glycosphingolipids are not
needed.

The distribution of tyrosinase and Tyrp1 in cells with
and without glycosphingolipids
To elucidate the role of glycosphingolipids in the transport
of melanosomal enzymes, we first wanted to compare at
high resolution the intracellular localization of tyrosinase
and Tyrp1 in the presence and absence of glycosphingo-
lipids in MEB4 and GM95 cells (10). In wild-type MEB4
cells, tyrosinase and Tyrp1 are largely separated from the
lysosomal marker LAMP-1 by immunofluorescence
microscopy (Figure 2), corroborating that melanosomes
and lysosomes are distinct organelles with different pro-
tein composition (1). In GM95 cells, tyrosinase transport
is blocked in the Golgi area (10) (Figure 2). To define this
block in more detail, we treated GM95 cells with micro-
tubule-depolymerizing nocodazole, leading to dispersion
of the Golgi into numerous ‘ministacks’ (20). Within
ministacks, tyrosinase still largely colocalized with the
trans Golgi marker a2,6-sialyltransferase. Immunogold
labeling of ultrathin cryosections of GM95 cells localized
tyrosinase not only in the trans Golgi network (TGN) but
also in nearby multivesicular bodies (MVBs). In contrast,
Tyrp1 displayed a typical melanosomal pattern also in
GM95 cells, but a significant fraction of Tyrp1 was found
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to colocalize with LAMP-1 in endosomes (Figure 2 and
Table S1).

Melanosome assembly strictly depends on GlcCer,
pigmentation does not
Next, we assessed by electron microscopy whether
GlcCer was required for both the pigmentation and the
presence of mature melanosomes. MEB4 melanoma
cells display all stages of melanosome biogenesis
(21,22), that is, stage I, equivalent to an endosome with
a bilayered coat; stage II, with a fibrillar content; stage III,
with increasing melanin deposition and the mature stage
IV (Figure 3). Immunogold labeling revealed that the
melanosomal enzymes tyrosinase, Tyrp1 and Pmel17
occur in the melanosomal stages I–IV and less exten-
sively in early endosomes and MVBs (Table S1), in line
with previous observations (1,5). In contrast, electron
microscopical analysis of glycosphingolipid-deficient
GM95 cells revealed that they were completely devoid
of the characteristic stages II, III and IV melanosomes,
although a subpopulation of MVBs and lysosomes con-
tained a core with regular transverse and longitudinal
striations, which were rare in MEB4 cells (Figure 3B).
These striations were different in appearance from the
flexible fibrils in stage II melanosomes. The MVBs con-
taining striated bodies labeled positive for the lysosomal
markers LAMP-1 and cathepsin D as well as for the

melanosomal enzymes tyrosinase and Tyrp1 (Table S1).
GM95 cells could not be labeled with the anti-Pmel17
antibody HMB45 because of a defect in GM95 cells that is
independent of the lack of GCS activity (Figure S2).
Unfortunately, HMB45 was the only available antibody
to detect mature Pmel17 in mouse melanosomes and
thus potential missorting of Pmel17 in GM95 cells could
not be evaluated. The knockdown of GCS but not of
LacCerS abolished pigmentation of MEB4 cells (Figure 1),
while transfection of GM95 cells with a GCS producing
GlcCer in the endoplasmic reticulum (ER) restored pig-
mentation (10). This correlated with the disappearance of
pigmented melanosomes fromMEB4 cells after knocking
down GCS (MEB4-aGCS) but not LacCerS (MEB4-
aLacCerS) and conversely with the recovery of tyrosi-
nase-positive organelles morphologically identical to
stage II and melanized stages III and IV melanosomes in
the GM95–GCS cells (Figure 3).

Two other treatments restored pigmentation of GM95
cells: transfection with a tyrosinase construct with an
elongated transmembrane domain that no longer accu-
mulated in the Golgi area (10) and an incubation with am-
monium chloride (NH4Cl) or bafilomycin A (Figure S3).
However, these treatments that did not induce GlcCer
synthesis (not shown) did not induce proper melanosome
assembly nor did they correct the missorting of Tyrp1

Figure 1: Role for GlcCer but not for
LacCer in pigmentation. A) MEB4 cells
stably expressing RNAi plasmids against
CERT, GCS, LacCerS or lamin as a control
were incubated overnight with [14C]ser-
ine. Lipids were extracted, separated by
two-dimensional-thin-layer chromatogra-
phy and radiolabeled lipids were quanti-
fied as described in Materials and
Methods. Values are expressed as a per-
centage of GlcCer (black bars) or GM3
(open bars) in control cells (RNAi against
lamin) and are themean of two independ-
ent stable clones ! range. Parallel cell
monolayers were scraped, pelleted
and photographed. B) Independently,
3-cm dishes having the same number of
MEB4 cells expressing RNAi against the
indicated proteins (knockdown) were
incubated with aTyrp1 antibody (TA99)
for 3 h at 378C. After washing, the
internalized antibody was visualized by
blotting using a horseradish peroxidase-
conjugated secondary antibody. Total
Tyrp1 in the samples was detected by
Western blotting using anti-pep1 (load).
Tyrp1 missorting induced by CERT or
GCS knockdown was corrected by the
continuous presence of GlcSph.
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Figure 2: Localization of tyrosinase and Tyrp1 in MEB4 and GM95 cells. A) MEB4 cells, GM95 cells and GM95 cells transfected with
the myc-tagged trans-Golgi marker a2,6-sialyltransferase and (mock) treated with 10 M nocodazole for 3 h, were labeled for Tyrp1 (anti-
pep1), LAMP-1 (1D4B), tyrosinase (Tyr; anti-pep7) and sialyltransferase (SialylT; 9E10). The bottom row shows the merged images (bar,
20 mm) and themagnifiedmerges of the boxed areas (bar, 7 mm). The antibodies to the cytoplasmic tail (anti-pep1) and the lumenal domain
of Tyrp1 (TA99) showed perfect colocalization in MEB4 cells (not shown). B) An ultrathin cryosection of GM95 cells was labeled with anti-
tyrosinase antibody and 10-nm gold particles. Tyrosinase is accumulated in the TGN and present in nearby MVBs (indicated by arrows).
G, Golgi apparatus. Bar, 200 nm.
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through the cell surface. Together, these results reinforce
the notion that pigmentation can be induced in the absence
of GlcCer but that GlcCer is required for correct protein
sorting and melanosome assembly.

Intracellular transport of melanosomal proteins and
routing through the surface of lysosomal proteins in
melanoma cells, depending on their lumenal domain
Because the biogenesis of melanosomes requires seg-
regation of melanosomal from lysosomal proteins, we
compared their traffic in MEB4, GM95 and GM95–GCS
melanocytes using the uptake of exogenous antibodies as
a measure for routing through the cell surface. In wild-type
melanocytes and MEB4 melanocytes, Tyrp1 reaches
melanosomes by a strictly intracellular pathway (10,23,24).
This was also observed for GM95–GCS cells. In these
cells, part of the lysosomal LAMP-1 and -2 traveled over
the cell surface (Figure 4A). In contrast, in GM95 cells,
Tyrp1 was missorted, while now, LAMP-1 and -2 followed
an intracellular pathway. Thus, the intracellular routing of
Tyrp1 to the melanosomes depended on glycosphingoli-
pids, and LAMPs were routed by an intracellular pathway
only under conditions of Tyrp1 missorting.

The opposite transport behavior of the melanosomal and
lysosomal proteins in MEB4 and GM95 cells implied that
next to similar cytosolic sorting motifs, they must contain
additional sorting information. To test whether sorting
information resides in their lumenal domains, we tested
three chimeras that contained the cytoplasmic tail of
melanosomal proteins but the lumenal domain of plasma
membrane proteins: CTT, lumenal domain of CD8 and
transmembrane and cytoplasmic tail of Tyrp1; CCT, lumenal
and transmembrane domains of CD8 and cytoplasmic tail of
Tyrp1; and CCY, lumenal and transmembrane domains of
CD25 and cytoplasmic tail of tyrosinase. First, we tested
the effect of the lumenal domain on the steady-state
accumulation of tyrosinase and Tyrp1 in the melanosomes.
All chimeras fully colocalized with LAMP-1 both in MEB4
and in GM95 cells (Figure 5). This implies that the lumenal
and/or transmembrane domains of tyrosinase and the
lumenal domain of Tyrp1 were necessary for directing
them to melanosomes; the cytosolic domains by them-
selves were sufficient for lysosomal targeting.

Next, we studied whether the altered destination of the
tyrosinase and Tyrp1 chimeras correlated with a change in

Figure 3: Melanosome formation in
MEB4 but not in glycolipid-deficient
GM95 cells. A–F) Ultrathin cryosec-
tions. A) MEB4 cells contain typical
stage II melanosomes traversed by
weakly banded fibrils of characteristic
width (indicated by arrows) and stages
III and IV melanosomes with increasing
melanin deposition visible as electron
density increases. B) GM95 cells, as
well as GM95 cells transfected with
tyrosinase–myc (shown here), have no
characteristic stages II, III or IV mela-
nosomes. Part of their MVBs contains
rigid, longitudinally and transversely
striated bodies. C and D) GM95 cells
transfected with GCS display true mela-
nosomes with fibrils undergoing mela-
nization. These melanosomes can be
labeled with anti-tyrosinase antibodies
and 10-nm gold particles (D). E) MEB4
cells stably transfected with RNAi plas-
mids against GCS (MEB4-aGCS) have
no characteristic melanosomes. Some-
times, longitudinal striations are found
(indicated by arrows) that differ in width
and structural organization from the
fibrils and striations observed in MEB4
(A) or GM95 (B) cells, respectively.
F). MEB4 cells stably transfected with
RNAi plasmids against LacCerS
(MEB4-aLacCerS) display all types of
melanosomes. P, plasma membrane.
Scale bars, 100 nm.
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routing. In MEB4 and GM95–GCS cells, we observed
antibody uptake for each chimera just like for the lyso-
somal proteins, indicating routing through the cell surface
(Figure 4). In contrast, in glycosphingolipid-deficient GM95
cells, essentially, no antibody uptake was observed. In
addition, CTT routing through the cell surfacewas increased
threefold in GM95 incubatedwith GlcSph (Figure S1), which
restores all features of melanogenesis. Thus, replacement
of the lumenal domain of Tyrp1 and the lumenal and the

transmembrane domains of tyrosinase by those of plasma
membrane proteins changed their trafficking pattern to that
of lysosomal proteins.

To test directly whether the lumenal domain of Tyrp1 was
sufficient for directing the protein into the intracellular
transport pathway to melanosomes, we constructed a
chimera that contained the lumenal domain of Tyrp1 and
the transmembrane domain and cytoplasmic tail of LAMP-
1 (TLL) (Figure 6A). In MEB4 cells, TLL colocalized with
Tyrp1 and not with LAMP-1, while TLL did colocalize with
LAMP-1 in GM95. The transport route of TLL was estab-
lished in a pulse–chase and cell surface biotinylation
experiment. The fraction of newly synthesized TLL present
on the cell surface at various time-points during 1 h of
chase increased up to sevenfold in GM95 cells compared
with GM95–GCS cells (Figure 6B), just like that for Tyrp1
(10). This implies missorting of both TLL and Tyrp1 in
glycosphingolipid-deficient GM95 cells.

Intracellular transport of melanosomal proteins is
affected by AP-3 knockdown
Sorting of melanosomal and lysosomal proteins involves
both AP-1- and AP-3-dependent steps (1,5). AP-1-mediated
transport of three lysosomal enzymes through themannose-
6-phosphate receptors and the level of missorting to the
cell surface were identical between GM95 andMEB4 cells
(10). Because a dramatic increase in Tyrp1 routing through
the cell surface like in GM95 cells was also found in pearl
primary melanocytes that lack active AP-3 (23), we inves-
tigated AP-3-mediated sorting in GM95 cells. The expres-
sion levels of the various AP-1 and AP-3 subunits as well
as their recruitment to membranes were similar in MEB4
and GM95 cells (Figure 7A). Furthermore, the ultrastruc-
tural localization of the AP-3 complex by immunogold
labeling of ultrathin cryosections showed that in both cell
types, AP-3 associated with buds evolving from tubular
endosomal compartments (Figure 7B,D), just as previ-
ously shown in melanocytes (5) and non-melanosomal
cells (25). To test whether AP-3-mediated sorting was
functional in the absence of glycosphingolipids, the d
subunit of AP-3 was knocked down in MEB4 and GM95
cells by RNAi. Western blot analysis (Figure 7C) showed
that the expression of dAP-3 was reduced to 20 and 30%
in MEB and GM95 cells, respectively. In MEB4 cells, the
AP-3 knockdown increased transport of both Tyrp1 and
LAMP-1 over the cell surface. In GM95 cells, dAP-3
knockdown induced transport of LAMP-1 over the plasma
membrane (like in fibroblasts; Figure S4) but did not lead to
a further increase in Tyrp1 transport over the cell surface.
The data show that AP-3 was directly or indirectly required
for the intracellular transport of Tyrp1 in MEB4 cells and
LAMP-1 in GM95 cells. In addition, the further increase in
LAMP-1 routing through the plasma membrane after AP-3
knockdown in MEB4 cells indicates that also in MEB4
cells, part of LAMP-1 is transported by an AP-3-dependent
intracellular route.
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Figure 4: Transport of Tyrp1 and LAMPs in glycosphingolipid-
deficient cells. A) GM95 and GM95–GCS cells were incubated
with antibodies against the lumenal domain of Tyrp1, LAMP-1 or
LAMP-2 for 3 h at 378C. Internalized antibodies were visualized by
Western blotting and quantified. Data are means of at least two
independent experiments (n " 2). To allow a quantitative com-
parison, different amounts of each sample were loaded on gel and
the total amount of LAMP-1 or Tyrp1 in the samples was
measured as an internal control. Signals were quantified using
the IMAGE QUANT software (Materials and Methods). B) GM95 and
GM95–GCS cells were transiently transfected with plasmids
containing the CTT, CCT and CCY constructs. After 1 day, the
cells were incubated with antibodies against the lumenal domain
of CD8 or CD25, and antibody uptake was determined as under
(A). C) Chimera constructs: CTT, lumenal domain CD8 and trans-
membrane and cytoplasmic tail Tyrp1; CCT, lumenal and trans-
membrane domains CD8 and cytoplasmic tail Tyrp1; and CCY,
lumenal and transmembrane domains CD25 and cytoplasmic tail
tyrosinase. All amino termini are situated in the lumen and the
carboxy termini in the cytosol. Transmembrane domains are
depicted as black boxes.
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Discussion

In melanocytes, the melanosomal proteins tyrosinase
and Tyrp1 are transported to melanosomes by a strictly
intracellular pathway that depends on glycosphingolipids.
Unexpectedly, lysosomal membrane proteins, which in
fibroblasts follow an intracellular pathway, were found to
be present and endocytosed at the surface of melano-
cytes. In the absence of glycosphingolipids, this situation is
reversed. Domain swapping showed that the lumenal
domain of the melanosomal proteins contains sorting
information for the intracellular pathway to the melano-
somes that is both required and sufficient. This suggests
that glycosphingolipids exert their critical effect on sorting
at the lumenal surface of the sorting compartment.

GM95 cells are unable to synthesize glycosphingolipids,
lack melanosomes and pigment, andmissort melanosomal

proteins (10). Furthermore, pigmentation, melanosomes
and intracellular Tyrp1 transport were restored in GM95 by
both GCS transfection and exogenous GlcSph. Knocking
down CERT or GCS, but not LacCerS, in MEB4 cells
mimicked the GM95 phenotype in loss of melanosomes
and pigmentation and Tyrp1 missorting. This validates the
GM95/GM95–GCS pair and the MEB4/MEB4-aGCS pair
as systems to address the molecular role of GlcCer in
pigmentation. A careful morphological analysis by electron
microscopy demonstrated that GM95 cells and MEB4-
aGCS did not contain stages II–IV melanosomes. Using
this assay, we noticed that some treatments, notably
transfection with tyrosinase with a longer transmembrane
domain and treatment with NH4Cl, restored pigmentation
but not melanosome assembly. Also the intracellular
transport of Tyrp1 to the melanosomes was not restored.
In summary, GlcCer was not required for pigmentation but
was essential for transport of melanosomal proteins to the

Figure 5: The lumenal domains of
tyrosinase and Tyrp1 determine
their melanosomal localization.
MEB4 and GM95 cells were trans-
fected with CCY (lumenal and trans-
membrane domains CD25 and
cytoplasmic tail tyrosinase) or CTT
(lumenal domain CD8 and trans-
membrane and cytoplasmic tail
Tyrp1). Prior to fixation, cells were
incubated with 20 mg/mL leupeptin
for 3 h at 378C to prevent lysosomal
degradation of the lumenal CD25
and CD8 domains. Cells were double
labeled with antibodies against
LAMP-1 and CD25 (CCY) and CD8
(CTT) and analyzed. In contrast to
tyrosinase (Figure 2), CCY is located
to lysosomal structures in MEB4 as
well as in GM95 cells. Also note the
(strict) segregation between Tyrp1
and LAMP-1 in MEB4 cells (Figure 2)
and the similar staining patterns of
CTT and LAMP-1. The localization of
CCT was similar to that of CTT (not
shown). Bar, 10 mm.
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melanosomes by the intracellular pathway and melano-
some maturation.

In wild-type melanocytes, MEB4 cells and GM95–GCS
cells, Tyrp1 and tyrosinase [and Tyr-TM6; (10)] enter an
intracellular pathway to the melanosomes. Surprisingly, in

these cells, the lysosomal membrane proteins LAMP-1
and -2 did not enter the intracellular pathway to the
lysosomes, which they do in fibroblasts (Figure S4), but
reached the cell surface from where they were endocy-
tosed. In GM95 cells and MEB4-aGCS cells, the opposite
was observed. Now, Tyrp1 and Tyr-TM6 were missorted

Figure 6: Localization and sorting
of LAMP-1 having the lumenal
domain of Tyrp1. A) The Tyrp1/
LAMP-1 chimera (TLL): lumenal
domain Tyrp1 and transmembrane
(black box) and cytoplasmic tail of
LAMP-1. MEB4 and GM95 cells
were transiently transfected with
TLL, incubated with 20 mg/mL
leupeptin for 3 h at 378C, fixed
and labeled for Tyrp1 (anti-pep1),
LAMP-1 (1D4B) and TLL (anti-HA/
Y11) and viewed by fluorescence
microscopy. B) GM95 and MEB4
cells transfected with TLL were
pulse labeled for 15 min with
Tran[35S]label, chased for the indi-
cated time (min) and biotinylated
on ice. TLL was immunoprecipitated
from detergent lysates with the
anti-HA antibody. Immunoprecipi-
tated protein was eluted from the
beads, and part was analyzed by
SDS–PAGE and autoradiography
(Cells). Biotinylated TLLwas immuno-
precipitated from the remainder using
streptavidin–agarose beads and ana-
lyzed by SDS–PAGE and phosphor-
imaging (Surface).
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to the cell surface (10), and LAMPs followed an intracel-
lular pathway to the lysosomes. The opposite behavior of
the melanosomal and lysosomal proteins fits the fact that
lysosomal andmelanosomal proteinsmust contain different
targeting information. The domain-swapping experiments
showed that the lumenal domain of the melanosomal
proteins contains the specific targeting information. Re-
placement by the lumenal domain of non-specific plasma
membrane proteins turned Tyrp1 into a typical lysosomal
protein. Conversely, LAMP-1 possessing the lumenal
domain of Tyrp1 was transported to melanosomes. These
experiments showed that the lumenal domain of Tyrp1 was
both necessary and sufficient for melanosomal targeting.

Because sorting of melanosomal and lysosomal proteins
depends on cytosolic sorting machineries (26,27), the
most likely scenario is that lumenal sorting information is
transduced to the cytosol where adaptor complexes are
likely responsible for the actual targeting of the proteins to
their cognate organelles. Because mutations in AP-3 have
been reported to result in distribution of tyrosinase and
Tyrp1 and to Tyrp1 missorting very similar to the situation
in GM95 cells (6,23), we tested the effect of knocking

down AP-3 on the transport of Tyrp1 and LAMP-1. Knock-
ing down AP-3 induced cell surface trafficking of Tyrp1 in
MEB4 cells and increased the cell surface trafficking of
LAMP-1 in both MEB4 and GM95 cells like in fibroblasts
(Figure 7 and Figure S4). This shows that AP-3 was in some
way involved in sorting melanosomal proteins into the
intracellular pathway to the melanosomes in MEB4 but not
in GM95 cells, whereas in contrast, it sorted lysosomal pro-
teins into the intracellular pathway to the lysosomes inGM95
cells. Tyrp-1 still traveled to melanosomes in AP-3 (b3A)-
deficient cells butnot inBLOC-1-deficient cells (24).Because
BLOC-1-deficient cells resemble GM95 cells, also BLOC-1
may be involved in the GlcCer-dependent pathway (23).

It has been reported that the interaction of the AP-2
adaptor complex with its cargo depends on multimeriza-
tion of the AP-2-binding site (28). Possibly, the lumenal
domains of melanosomal proteins cause them to oligo-
merize in the relevant sorting compartment, which then
increases their affinity (or avidity) for adaptor complexes
like AP-3 or BLOC-1 (24). Lysosomal proteins would lose
the competition for adaptor binding from oligomerized
melanosomal proteins and shift to a non-specific pathway

Figure 7: Knockdown of adaptor complex AP-3 affects transport of Tyrp1 and LAMP-1. A) The membrane binding of the g subunit of
AP-1 and the s and m subunits of AP-3 was investigated in saponin-treated MEB4 and GM95 cells as described inMaterials and Methods.
The membrane-bound melanosomal protein Tyrp1 and the soluble cytosolic protein PITPb were used as controls for the permeabilization
procedure. The experiment was performed three times with comparable results. B and D) AP-3 distribution in MEB4 and GM95 cells.
Immunogold label (10-nm gold particles) for the dAP-3 subunit on ultrathin cryosections occurs in both MEB4 (B) and GM95 (D) cells on
buds on endosome (E)-associated tubules that are often clathrin coated. Bar, 100 nm. C) MEB4 and GM95 cells were stably transfected
with RNAi plasmids against lamin or dAP-3. The expression level of dAP-3 was determined by Western blotting using Tyrp1 as a loading
control. In parallel dishes, an antibody uptake experiment was performed using aTyrp1 and aLAMP-1 antibodies, which bind to the lumenal
domains of Tyrp1 (TA99) and LAMP-1 (1D4B), respectively. Internalized antibodies were quantified by Western blotting. Data are
representative of three independent experiments.
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to the cell surface (7,25) from where they may be endo-
cytosed through AP-2 (9). Indeed, by contrast to the
enrichment of lysosomal cargo in AP-3-coated buds of
HepG2 cells (25), no such enrichment of the late endo-
some/lysosome-resident LAMP-1 could be observed in
AP-3-coated buds of melanocytic cells (5). Interestingly,
purposeful overexpression of Tyrp1 by transfection in
wild-type melanocytic cells increased the surface expres-
sion of LAMP-1 (24), supporting the idea of competition.
This competition is probably indirect because in contrast
to LAMP-1, Tyrp1 does not bind AP-3 directly (5). The role
of the glycosphingolipids may be in the oligomerization of
the melanosomal proteins. The lack of glycosphingolipids
would result in the loss of clustering of the melanosomal
proteins and reduce their affinity for the relevant adaptors.
This would then result in binding of the adaptors to the
lysosomal proteins by default, followed by the observed
shifts in routing.

Our results show that glycosphingolipids are required for the
proper functioning of themelanosomal targeting information
in the lumenal domain of the melanosomal proteins tyros-
inase and Tyrp1. Glycosphingolipids, more specifically
GlcCer, may drive clustering of thesemelanosomal proteins
by the formation of glycosphingolipid/cholesterol rafts.
However, so far, no difference in detergent solubility of
tyrosinase (an indirect assay for raft association) was found
between MEB4 and GM95 cells (unpublished data). Alter-
natively, an interaction of GlcCer with the proteins may be
mediated by a lectin-type interaction in the lumen of the
sorting compartment, either directly (29) or indirectly by
lectins in the lumenal compartments (30). Finally, GlcCer
may indirectly cause oligomerization of tyrosinase and Tyrp1
by changing the lumenal environment. For example, we
have measured a difference in the lumenal pH of the TGN
in MEB4 and GM95 cells (J. Wolthoorn, S. van der Poel,
S. Neumann, D. van den Heuvel, M. Egmond, H. Gerritsen,
H. Sprong and G. van Meer, manuscript preparation). The
findings in this study identify a sorting switch between
melanosomal and lysosomal proteins. The properties of this
switch and the direct or indirect role of glycosphingolipids
are the topics of our present investigations.

Materials and Methods

Antibodies and reagents
Chemicals, if not indicated otherwise, were from Sigma and used in the

highest purity available. Silica thin-layer chromatography plates were from

Merck, organic solvents were from Riedel de Haën and cell culture media

and reagents were from Invitrogen. [14C]serine (5.59 GBq/mmol) was

from Amersham. Tran[35S]label (>36 TBq/mmol) was from ICN. Rabbit

antisera against the cytoplasmic tails of mouse Tyrp1 (anti-pep1) and

mouse tyrosinase (anti-pep7) were generated as described (31,32). Anti-

pep7 was affinity purified using the same peptide coupled to affigel-15

columns (Bio-rad). The rabbit anti-tyrosinase antibody used for electron

microscopy was described previously (5). The rabbit antiserum against the

lumenal domain of human CD25 was from M. Marks (University of

Pennsylvania, Philadelphia, PA, USA). The mouse antibodies against the

different subunits of the AP complexes were from L. Traub (University of

Pittsburgh, Pittsburgh, PA, USA), except for the SA4 mouse anti-dAP3

antibody, which was from A. Peden (University of Cambridge, Cambridge,

UK). The rabbit antiserum against phosphatidylinositol transfer protein b

(PITPb) was from G. Snoek (Utrecht University, Utrecht, The Netherlands).

The mouse 9E10 antibody against the c-myc epitope, the mouse mono-

clonal antibody (mAb) 32M4 against the lumenal domain of human CD8

and the rat 1D4B antibody against the lumenal domain of mouse LAMP-1

were from Santa Cruz Biotechnology. The mAb ABL93 against the lumenal

domain of LAMP-2 was from the Developmental Studies Hybridoma Bank

(Iowa City, IA, USA). The mAb TA99 against the lumenal domain of Tyrp1

was from Abcam. Rabbit polyclonal antibodies against Hrs, early embry-

onic antigen-1, cathepsin D and 46 kD mannose 6-phosphate receptor

were kind gifts of S. Urbé and M. Clague (University of Liverpool,

Liverpool, UK), A. Hasilik (Philipps University, Marburg, Germany) and K.

von Figura (University of Göttingen, Göttingen, Germany), respectively.

Fluorescein isothiocyanate and Texas-red fluorescent secondary goat

antibodies were obtained from Jackson. Rabbit anti-mouse immunoglobu-

lin G and horseradish peroxidase-conjugated secondary goat antibodies

were from DAKO.

Plasmids
The chimera having the lumenal and transmembrane domains of CD25 and

the cytoplasmic tail of tyrosinase (CCY-pCDM8.1) was from M. Marks (33).

Mouse Tyrp1-pCMV6 and the chimeras of CD8 and Tyrp1 (CCT- and CTT-

pCDM8.1) were from A. Houghton (34). The construction of GCS-pCB7,

myc-tagged Tyr, Tyr-TM6 and a2,6-sialyltransferase-pCB7 were described

before (10). Complementary DNA (cDNA) of mouse LAMP-1 was from

RZPD. The TLL construct having the lumenal domain of Tyrp1 (until E478)

and the transmembrane domain (from M371) and the cytoplasmic tail of

LAMP-1 was generated by site-directed mutagenesis by using two-step

amplification. The polymerase chain reaction fragment was cloned in frame

with a triple hemagglutinin (HA) tag present in the mammalian expression

vector pcDNA3 on its cytosolic tail. Oligos used for RNAi of CERT, GCS,

LacCerS, dAP-3 subunit and lamin (sequences available on request) were

inserted between the BglII andHindIII sites of the RNAi plasmid pKoen (35).

All synthetic cDNAs were verified by restriction analysis and dye termin-

ation sequencing.

Cell culture and transfection
GlcCer synthase-deficient GM95 cells and their parental MEB4 cells from

the RIKEN Cell Bank (Tsukuba, Japan) were grown in DMEM containing

4.5 g/L glucose and 10% fetal calf serum (FCS) at 378C with 5% CO2. Cells

were stably transfected with the ER form of GCS (GCS-pCB7) (10) or myc-

tagged a2,6-sialyltransferase-pCB7 or transiently with CCY-, CTT- or CCT-

pCDM8.1 using Lipofectamine 2000. Myc transfectants were screened

with immunofluorescence using the 9E10 antibody. Stable transfectants of

GM95–GCS were screened by assaying the GCS as before (36). MEB4 and

GM95 cells were stably transfected with RNAi plasmids (pKoen) against

CERT, GCS, LacCerS, lamin and the dAP-3 subunit using Lipofectamine

2000. Stable transfectants were selected in the presence of hygromycin B

(200 U/mL) or G418 (0.6 mg/mL), and individual colonies were obtained by

limiting dilution subcloning. Stable transfectants carrying the pKoen con-

structs were initially selected for green fluorescent signal in the nucleus and

subsequently for their glycosphingolipid composition or protein expression

levels of dAP-3. For this, subconfluent cells on 3-cm dishes were incubated

overnight in MEMa medium, 5% FCS and 15 kBq/mL [14C]serine. Cells

were washed with PBS, and lipids were extracted and analyzed as

described (37). Protein expression was induced by 5 mM sodium butyrate

(Fluka) 14–16 h prior to all experiments.

Immunofluorescence and immunoelectron
microscopy
Cells were fixed, permeabilized, labeled with fluorescent antibodies and

viewed by confocal microscopy as before (38). A negative effect of melanin

on fluorescent labeling of the CD8 and CD25 antigens when present in

melanosomes cannot be fully excluded because of epitope inaccessibility
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or fluorescence quenching by melanin (5). For electron microscopy, cells

were fixed and frozen, and ultrathin sections were cut and labeled with

antibodies and protein A-gold, all as before (38).

Antibody internalization
Confluent cells on 3-cm dishes were incubated for 3 h at 378C with 1 mL

medium containing 20 mg/mL leupeptin and #50 mg antibodies against the

lumenal domain of LAMP-1, LAMP-2, Tyrp1, CD8 or CD25. Cells were

washed five times with ice-cold PBS and lysed in reducing Laemmli sample

buffer. Equal amounts of protein were analyzed by SDS–PAGE, and the

amount of internalized antibody was determined by Western blotting (36).

As an internal standard, LAMP-1 or Tyrp1 was detected using the 1D4B

antibody or anti-pep1, respectively. Films were scanned on a Bio-Rad GS

700 imaging densitometer equipped with an integrating program. The

maximum signal on a film that was still linear was determined by using

a concentration series of blotted mouse immunoglobulin Gs, detected with

anti-mouse peroxidase. It was set at 100 arbitrary units (AU), and the time

of film exposure in each experiment was optimized to yield a value of

roughly 100 AU for the spot with the highest amount of label.

Binding of APs to membranes
Confluent cells on 3-cm dishes were washed three timeswith ice-cold PBS.

To remove their cytosolic proteins, cells were then incubated with 1 mL

PBS and/or 0.1% (w/v) saponin for 20 min on ice. The incubation medium

with cytosol was removed, and the cells were washed with ice-cold PBS

and lysed in reducing Laemmli sample buffer. Samples were analyzed by

SDS–PAGE andWestern blotting. Contrary to the membrane protein Tyrp1,

the soluble protein PITPb was almost completely removed by the saponin

treatment.

Pulse–chase and cell surface biotinylation
Pulse–chase and cell surface biotinylation were performed as described for

Tyrp1 (10) except that the cells were transiently transfected with TLL using

Lipofectamine 2000 (Invitrogen). Theexpression of TLLwas inducedby 5 mM

sodium butyrate 16 h prior to experiments. After the cell surface biotinyla-

tion, the construct was immunoprecipitated with anti-HA antibodies (Y11).
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Supplementary Materials

Table S1: Subcellular distribution of endosomal/lysosomal markers in

MEB4 and GM95 cells. aThe morphology of all secretory and endocytotic

organelles other than the melanosomes as well as the intracellular

distribution of the late endosome/lysosomemarkers LAMP-1 and cathepsin

D, the early endosome markers Hrs and early embryonic antigen-1 and the

46 kD mannose-6-phosphate receptor (CD-MPR), which cycles between

TGN and endosomes, were comparable between GM95 and MEB4 cells.

These data show that in GM95 cells, the compartments of the endocytic

pathway are normally formed and that glycosphingolipid synthesis is not

required for proper sorting of endosome–lysosome-associated proteins.

Importantly, however, although tyrosinase and Tyrp1 reach endosomal

compartments in GM95 cells, melanin pigments are not synthesized.
bProteins in ultrathin cryosections were detected by specific antibodies

followed by protein A-gold labeling as described in Materials and Methods.

The relative distribution of the proteins was determined by random

screening of single-labeled sections from formaldehyde-fixed cells. All gold

particles on or up to 25 nm from a membrane-bound compartment were

scored as label on that organelle type, and percentages of the total amount

of gold particles counted were calculated for each compartment. The

relative frequency is expressed as ‘$$$’ for more than 25%, ‘$$’ for 15–

25%, ‘$’ for 5–15%, ‘!’ for 1–5% or ‘%‘ for less than 1% of total label. Per

cell line, 600 gold particles were scored for tyrosinase and 200–300 for the

other proteins. cMVBs with striated bodies occur very rarely in MEB4 cells.

EE, early endosome; LE, late endosome; Mel II, III and IV, melanosome

stages II, III and IV; NA, not applicable.

Figure S1: GlcSph addition to GM95 cells corrects missorting of Tyrp1

and restores the plasma membrane component of transport of the

CTT construct (lumenal domain of CD8 and transmembrane and

cytoplasmic tail of Tyrp1) to the lysosomes. A) MEB4 and GM95 cells

were grown in the presence or absence of GlcSph (20 mM) for 2 days. The

cells were incubated with anti-Tyrp1 antibody for 3 h at 378C, and

internalized antibodies were visualized by Western blotting and quantified.

Data were analyzed as described in the Materials and Methods. Numbers

represent the means of three experiments in duplicate ! SD. B) Con-

versely, in a similar experiment using anti-CD8 antibody, GlcSph restored

transport through the cell surface of CTT (lumenal domain of CD8 and

transmembrane and cytoplasmic tail of Tyrp1) to the level of wild-type

MEB4 melanocytes.

Figure S2: Antigenicity defect in GM95 cells unrelated to the lack of

GlcCer. A) Cells were stained with HMB45 antibody. Pictures were taken

with a confocal laser scanning microscopy using similar settings. Green

intensity of GM95 and GM95–GCS is &10 enhanced in Photoshop (bar,

20 mm). Remarkably, the GM95 cells could not be labeled with HMB45 anti-

Pmel17 antibodies that decorate the fibrils of normal melanosomes,

whereas an antibody recognizing the cytoplasmic tail of Pmel17 detected

similar protein levels in MEB4 and GM95 cells by Western blotting (B). The

band at #100 000 kDa is shown. There was no difference in the intensities

of the 25-kDa bands. The mouse mAb HMB45 against Pmel17 was from

Lab Vision Corporation, and the anti-Pmel17 tail antibody was anti-PEP13

from Dr V. Hearing, National Institutes of Health (39). Tyrp1 was detected

using anti-pep1. Unpigmented MEB4–GCS knockdown cells (MEB4-aGCS)

still labeled with HMB45, and HMB45 antibody staining was not restored in

the GM95–GCS cells, showing that the lack of HMB45 labeling was

independent of GlcCer and independent of pigmentation. HMB45 recog-

nizes a sialylated glycoconjugate on Pmel17 (40). GM95 is a phenotypic

mutant line selected for lacking the sialylated glycolipid GM3, Neu-

Aca2,3Galb1,4GlcCer (18). Indeed, a lectin recognizing NeuAca2,3Gal

moieties on glycoproteins bound to significantly fewer proteins in GM95

and GM95–GCS cells than in the parental MEB4 cells (not shown). Thus,

independent of the lack of GCS activity, GM95 cells carry mutations that

affect protein sialylation and Pmel17 staining by HMB45 antibodies. These

mutations were irrelevant for melanosome assembly and pigmentation.

Figure S3: GlcCer-independent recovery of pigmentation of GM95

cells did not restore melanosomal protein sorting and melanosome

assembly. A and C) When GM95 cells were transfected with a tyrosinase
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construct with an elongated transmembrane domain containing a myc tag

(Tyr-TM6), this tyrosinase was no longer confined to the Golgi area (10) and

the GM95 cells turned black, as shown in the top row representing cell

pellets of MEB4, GM95 and GM95–Tyr-TM6 (A). Independently, 3-cm

dishes of the same cells were incubated with aTyrp1 antibody (TA99) for

3 h at 378C. After washing, the internalized antibody was quantified in equal

fractions of the samples by blotting with a horseradish peroxidase-

conjugated secondary antibody where total Tyrp1 in the samples was

assessed by Western blotting using anti-pep1. Tyrp1 traveling over the cell

surface was not rescued by Tyr-TM6 transfection. In addition, electron

microscopy (C) showed that GM95–Tyr-TM6 cells still lacked stages II–IV

melanosomes. Instead, cells contained dark (arrows) as well as light

(double arrow) MVBs and lysosomes occasionally containing a striated

body (arrowhead; scale bar, 100 nm). B, D and E) Treatment of melano-

cytes with NH4Cl or bafilomycin A stimulates pigmentation (41), and

treating GM95 cells for 8 h with 10 mM NH4Cl or 10 mM bafilomycin A

(not shown) restored pigmentation of the cell pellet (B). A fraction of

tyrosinase had escaped the perinuclear region as seen in cells fixed, labeled

for tyrosinase (anti-pep1) and viewed by fluorescence microscopy (E; bar,

5 mm). However, also in the presence of pigmentation, missorting of Tyrp1

in GM95 cells, as measured by 3 h antibody uptake after 5-h pretreatment

with NH4Cl, was not corrected. Cells treated with NH4Cl expressed more

total Tyrp1 compared with the loading control calreticulin, probably because

of reduced degradation in the lysosomes. Finally (D), GM95 cells treated

with NH4Cl had no true melanosomes but electron-dense endosomal

vacuoles (arrows) that contained tyrosinase. The GM95 cells had been

transfected with a Tyr–Myc construct (10) and were labeled by anti-myc

antibody and 10-nm gold particles (bars, 100 nm). The black organelles

resembled those in GM95–Tyr-TM6 cells (arrows and arrowheads, as

above). The NH4Cl effect on pigmentation was probably provoked by its

stimulating effect on tyrosinase stability and activity because of pH

neutralization of endosomes that contained a low level of tyrosinase (41).

Together, these results demonstrate that GlcCer is required for melano-

some biogenesis and reinforce the notion that the presence of tyrosinase

and Tyrp1 in endosomal structures alone is not sufficient for melanosome

formation.

Figure S4: LAMP-1 and -2 transport over the cell surface is increased in

fibroblasts lacking AP-3. The uptake of anti-LAMP-1 and anti-LAMP-2

antibodies was measured in mocha (d-deficient) mouse fibroblasts and

mocha fibroblasts retransfected with dAP-3. Mocha fibroblasts [deficient

in the dAP-3 subunit; (42)] and retransfected mocha fibroblasts were a gift

from A. Peden (Genentech Inc.) and were cultured as described in Le Borgne

et al. (7). Internalized antibodies were quantified as in Figure S1. Data are

means of at least two independent experiments in duplicate ! SD.

Supplemental materials are available as part of the online article at http://

www.blackwell-synergy.com
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