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ABSTRACT  Cell types that generate unique lysosome-related organelles (LROs), such as mel-
anosomes in melanocytes, populate nascent LROs with cargoes that are diverted from endo-
somes. Cargo sorting toward melanosomes correlates with binding via cytoplasmically ex-
posed sorting signals to either heterotetrameric adaptor AP-1 or AP-3. Some cargoes bind 
both adaptors, but the relative contribution of each adaptor to cargo recognition and their 
functional interactions with other effectors during transport to melanosomes are not clear. 
Here we exploit targeted mutagenesis of the acidic dileucine–based sorting signal in the pig-
ment cell–specific protein OCA2 to dissect the relative roles of AP-1 and AP-3 in transport to 
melanosomes. We show that binding to AP-1 or AP-3 depends on the primary sequence of 
the signal and not its position within the cytoplasmic domain. Mutants that preferentially 
bound either AP-1 or AP-3 each trafficked toward melanosomes and functionally comple-
mented OCA2 deficiency, but AP-3 binding was necessary for steady-state melanosome lo-
calization. Unlike tyrosinase, which also engages AP-3 for optimal melanosomal delivery, both 
AP-1– and AP-3–favoring OCA2 variants required BLOC-1 for melanosomal transport. These 
data provide evidence for distinct roles of AP-1 and AP-3 in OCA2 transport to melanosomes 
and indicate that BLOC-1 can cooperate with either adaptor during cargo sorting to LROs.

INTRODUCTION
Lysosome-related organelles (LROs) are cell type–specific organelles 
that share some characteristics with lysosomes but are distinguishable 
by their content of unique cargo proteins that confer distinct morpho-
logical and functional characteristics (Dell’Angelica et  al., 2000; 
Raposo et  al., 2007). Some cell types simultaneously harbor LROs 
and lysosomes and consequently must use unique sorting and traf-
ficking pathways to divert specific cargo proteins from the general 
endocytic pathway and deliver them to maturing LROs (Dell’Angelica 
et al., 2000; Raposo and Marks, 2007; Raposo et al., 2007). For exam-
ple, cargoes of melanosomes— LROs of melanocytes and ocular pig-
ment cells in which melanin pigments are synthesized and stored 
(Marks and Seabra, 2001; Hearing, 2005)—are biosynthetically deliv-
ered from distinct domains of early endosomes (Raposo and Marks, 
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and Dell’Angelica, 2005; Huizing et al., 2008). In several HPS mod-
els, including those with mutations in AP-3 subunits, impaired LRO 
function has been linked to defective membrane dynamics required 
for cargo delivery to nascent LROs (Di Pietro and Dell’Angelica, 
2005; Wei, 2006). HPS models with the most severe defects in mel-
anosome biogenesis are those with mutations in subunits of the Bio-
genesis of Lysosome-Related Organelles Complex 1 (BLOC-1). The 
rod-like, eight-subunit BLOC-1 (Lee et al., 2012) has no known mo-
lecular function but is absolutely required for the melanosomal de-
livery of TYRP1 and the copper transporter, ATP7A (Di Pietro et al., 
2006; Setty et al., 2007, 2008). By contrast, tyrosinase localization to 
melanosomes is only modestly impaired in BLOC-1–deficient cells 
(Di Pietro et al., 2006; Setty et al., 2007, 2008). On the basis of this 
differential sensitivity to perturbations in AP-3 and BLOC-1 expres-
sion and on the differential enrichment of AP-3 and BLOC-1 on buds 
and tubular domains of early endosomes, respectively (Di Pietro 
et al., 2006; Setty et al., 2007), it has been proposed that melano-
somal cargoes follow one of two pathways from early endosomes to 
melanosomes—one controlled by AP-3 and another by BLOC-1 
(Raposo and Marks, 2007; Setty et al., 2007). Moreover, the similar-
ity of the cellular defects caused by AP-1 knockdown and BLOC-1 
deficiency has led to the additional proposal that AP-1 and BLOC-1 
function together to promote TYRP1 trafficking to melanosomes via 
recycling endosomal tubules (Delevoye et al., 2009).

Although a model in which AP-1 and BLOC-1 cooperate in one 
dedicated cargo delivery pathway to melanosomes and AP-3 func-
tions in a separate pathway is consistent with genetic data in mel-
anocytes, it fails to account for several published observations. First, 
a robust physical interaction has been detected between AP-3 and 
BLOC-1 in detergent extracts of membranes from several cell types 
(Di Pietro et al., 2006; Salazar et al., 2006; Gokhale et al., 2012), in-
cluding melanocytes (S. Gangi Setty, unpublished observation), and 
each complex regulates the association of the other with membranes 
(Di Pietro et al., 2006). By contrast, despite several efforts, no physi-
cal interaction has been observed between AP-1 and BLOC-1 
(Salazar et al., 2009; and unpublished observations). Second, AP-3 
and BLOC-1 cooperate in regulating the dynamics of a set of car-
goes in neurons (Newell-Litwa et  al., 2009; Salazar et  al., 2009; 
Larimore et al., 2011) and in the stable incorporation of a putative 
transporter, SLC35D3, in platelets (Meng et al., 2012), and BLOC-1 
and AP-3 are coisolated upon immunoaffinity purification from neu-
rons (Newell-Litwa et al., 2009; Salazar et al., 2009; Gokhale et al., 
2012) and from clathrin-coated vesicles from HeLa cells (Borner 
et al., 2006). These data suggest that BLOC-1 and AP-3 might func-
tion together under certain circumstances. Moreover, it is unclear 
how signals such as those in tyrosinase that are capable of binding to 
both AP-3 and AP-1 “choose” between the two distinct pathways.

To further clarify the relationships between AP-1, AP-3, and 
BLOC-1 in melanosomal protein sorting, we exploited an additional 
melanosomal cargo protein, OCA2 (also known as pink-eyed dilution 
or P protein; Rinchik et al., 1993). OCA2 is a 12–transmembrane do-
main, pigment cell–restricted protein that bears homology to a super-
family of transporters (Rinchik et al., 1993; Lee et al., 1995). Mutations 
in the OCA2 gene underlie oculocutaneous albinism (OCA) type 2, 
the most common form of OCA worldwide (King, 1998), as well as 
phenotypic changes in skin hue and eye color (Lao et al., 2007; Norton 
et  al., 2007; Sulem et  al., 2007; Eiberg et  al., 2008; Mengel-From 
et al., 2010). We previously showed that OCA2 localizes to melano-
somes by virtue of an aLL sorting signal in the cytoplasmic N-terminal 
domain (Sitaram et al., 2009). Like the TYR sorting signal, the OCA2 
sorting signal binds in vitro to both AP-1 and AP-3. Here we sought to 
define those features of the OCA2 aLL sorting signal that confer the 

2007; Sitaram and Marks, 2012) from which other cargoes are des-
tined for lysosomes or for endosomal recycling (Raposo et al., 2001; 
Delevoye et al., 2009). The mechanisms that regulate the differential 
delivery of cargoes toward melanosomes and away from classical en-
docytic organelles are only beginning to be understood.

Several studies have implicated two members of the heterotetra-
meric clathrin adaptor (AP) family, AP-1 and AP-3, in cargo sorting 
from endosomes toward melanosomes (Höning et al., 1998; Huizing 
et al., 2001; Theos et al., 2005; Chapuy et al., 2008; Delevoye et al., 
2009). AP complexes facilitate sorting by coupling coat formation to 
clustering of target integral membrane cargoes that bear short cyto-
plasmically exposed sorting signals, to which APs directly bind 
(Boehm and Bonifacino, 2001; Bonifacino and Traub, 2003; Robinson, 
2004). One class of AP-binding signals is the acidic dileucine (aLL) 
motif, with the consensus [D/E]xxxL[L/I] (Bonifacino and Traub, 2003). 
The melanosomal enzymes tyrosinase (TYR) and tyrosinase-related 
protein 1 (TYRP1) bear aLL-based sorting signals that are required for 
their steady-state localization to melanosomes in melanocytes or to 
late endosomes/lysosomes in other cell types (Vijayasaradhi et al., 
1995; Calvo et al., 1999; Simmen et al., 1999; Huizing et al., 2001; 
Theos et al., 2005; Setty et al., 2007; Delevoye et al., 2009) and are 
capable of binding in vitro to AP-1 and AP-3 (TYR) or only AP-1 
(TYRP1; Höning et al., 1998; Theos et al., 2005; although note that 
the acidic residue, glutamic acid, in the TYRP1 signal is at position 
−5 relative to the dileucine rather than −4 in almost all other signals). 
Consistently, both TYR and TYRP1 localize to AP-1–coated endo-
somal buds and tubules that accumulate near melanosomes in mel-
anocytic cells, whereas only TYR is found in morphologically similar 
AP-3–coated structures (Raposo et  al., 2001; Theos et  al., 2005; 
Delevoye et al., 2009). This segregation of tyrosinase with AP-3 and 
TYRP1 with AP-1 has been replicated in a reconstituted budding as-
say (Chapuy et  al., 2008). In AP-3–deficient melanocytes, TYR is 
largely mislocalized to early endosomes and multivesicular late endo-
somes, suggesting that AP-3 is required to efficiently divert TYR from 
the classical endosomal degradation pathway and toward melano-
somes (Huizing et al., 2001; Richmond et al., 2005; Theos et al., 2005). 
However, a small cohort of TYR in AP-3–deficient cells is delivered to 
melanosomes, correlating with an increased cohort of TYR present in 
AP-1–coated buds; this suggested that AP-1 can partially compen-
sate for AP-3 in melanosomal delivery (Theos et al., 2005). By contrast 
to TYR, TYRP1 largely localizes correctly to melanosomes in AP-3–de-
ficient cells (Huizing et al., 2001; Setty et al., 2007) but requires AP-1 
for efficient egress from vacuolar endosomal domains via recycling 
endosome-derived tubules (Delevoye et al., 2009). Thus AP-1 and 
AP-3 each function in the delivery of distinct cargoes from endosomes 
toward melanosomes, likely via distinct pathways (Raposo and Marks, 
2007; Sitaram and Marks, 2012). However, it is not understood how 
AP-1 and AP-3 discriminate among cargo proteins, cooperate in the 
delivery of cargoes that are recognized by both complexes, or inter-
face with other components of the trafficking machinery. Of impor-
tance, while the molecular details of the interaction between the α 
and σ chains of the AP-2 core complex and an aLL-like signal from 
CD4 are known (Kelly et al., 2008) and some of the molecular details 
are shared during aLL signal binding by AP-1 and AP-3 (Mattera et al., 
2011), the features of aLL signals that distinguish between AP-1 and 
AP-3 binding have not been clearly identified.

The genes encoding two AP-3 subunits, β3A and δ, are among 
the 15 genes targeted by mutation in different Hermansky–Pudlak 
syndrome (HPS) subtypes and mouse models (Kantheti et al., 1998; 
Dell’Angelica et al., 1999; Feng et al., 1999). HPS comprises a group 
of genetic diseases that result from impaired LRO biogenesis in 
multiple cell types, including pigment cells and platelets (Di Pietro 
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ability to bind AP-1 or AP-3 and then to exploit mutants that only bind 
to one of these complexes to dissect the respective role of each 
adaptor in OCA2 melanosome transport. Our results define sequence 
features of aLL sorting signals that distinguish between AP-1 and 
AP-3 binding, show that OCA2 absolutely requires AP-3 interaction 
for stable localization to melanosomes, and provide evidence for two 
distinct AP-3–dependent melanosomal transport pathways in mel-
anocytes—one that is independent of BLOC-1 and one that requires 
BLOC-1. Together our data suggest that AP-1 and AP-3 play different 
roles in melanosome transport and that BLOC-1 can cooperate with 
multiple adaptors to effect cargo delivery to cell type-specific LROs.

RESULTS
The OCA2 acidic dileucine–based melanosome-targeting 
signal binds to AP-1 and AP-3 hemicomplexes in a yeast 
three-hybrid assay
The N-terminal cytoplasmic domain of human OCA2 contains three 
consensus aLL motifs termed LL1, LL2, and LL3 (Figure 1a). We previ-
ously showed that substitution of the two critical leucines of LL1 by 
alanine (AA1N) abolished steady-state localization to melanosomes, 
implicating LL1 as the critical sorting signal for melanosome delivery. 
Moreover, a fusion protein consisting of the OCA2 N-terminal cyto-
plasmic domain fused to glutathione S-transferase (GST) was capable 
of binding to both AP-1 and AP-3 from human melanoma or HeLa cell 
cytosol, and this interaction required intact LL1 (Sitaram et al., 2009). 
We first sought to determine those features of LL1 that were required 
for its interaction with AP-1 and/or AP-3 and thus distinguished it from 
the weak LL2 and completely inactive LL3. To more rapidly assay in 
parallel the interaction between OCA2 mutants and AP complexes, 
we adapted a yeast three-hybrid (Y3H) assay that was previously used 
to study acidic dileucine motifs in the melanogenic enzyme tyrosinase 
and the HIV protein Nef (Janvier et  al., 2003; Theos et  al., 2005; 
Chaudhuri et al., 2007, 2009). In this assay, Gal4 fusion proteins of the 
test cytoplasmic domain are coexpressed with hemicomplexes con-
sisting of the small subunit (σ1, σ2, or σ3A) and corresponding large 
subunit (γ, α, or δ) of AP-1, -2, and -3, respectively, which comprise the 
AP surface that engages aLL-sorting motifs (Janvier et al., 2003; Doray 
et al., 2007; Kelly et al., 2008; note that the σ4/ε hemicomplex of 
AP-4 has not been demonstrated to bind an aLL signal). The com-
plete cytoplasmic N-terminal domain of human OCA2 (amino acids 
1–173) was fused to the C-terminus of the yeast Gal4 DNA-binding 
domain. One of the three σ subunits was expressed from the MET5 
promoter within a second transcription unit in the same plasmid, and 
the γ, α, or δ subunit was fused to the C-terminus of the Gal4 activa-
tion domain in a separate plasmid. The Saccharomyces cerevisiae 
strain HF7c was cotransformed with both plasmids and grown on 
methionine-deficient selective medium to express all three proteins. 
An interaction between the OCA2 cytoplasmic domain and an AP 
hemicomplex activates Gal4-dependent expression of HIS3 and 
allows for growth on histidine (His)-deficient medium. The cytoplas-
mic domain of human tyrosinase (from amino acid 499 through the 
C-terminus), previously shown to interact with all three AP hemicom-
plexes in this assay (Janvier et  al., 2003; Chaudhuri et  al., 2009), 
served as a positive control.

As expected, the tyrosinase cytoplasmic domain interacted with 
hemicomplexes from AP-1, AP-2, and AP-3, as indicated by growth 
of all three sets of transformants on His-deficient medium (Figure 
1b). The full-length human OCA2 cytoplasmic N-terminal domain 
also interacted with all three AP hemicomplexes, confirming previ-
ous results obtained using a GST-cytoplasmic domain fusion pull-
down assay (Sitaram et al., 2009); consistent with previous results, 
the strength of interaction with the AP-2 α/σ2 hemicomplex varied 

FIGURE 1:  The cytoplasmic domain of OCA2 shows dileucine-
dependent interaction with adaptor proteins in a yeast three-hybrid 
system. (a) Sequences of the three acidic dileucine sorting motifs in 
the cytoplasmic N-terminus of human OCA2 and the single acidic 
dileucine motif in the cytoplasmic C-terminus of human tyrosinase. 
(b) Schematic of OCA2 N-terminal-domain Gal4 fusion constructs used 
in the assay. GAL4 BD, Gal4-binding domain; green square, intact 
dileucine motif; white X, disrupted dileucine motif. Black numbers 
within the green square indicate whether the primary sequence of the 
LL1, LL2, or LL3 motif is inserted at the indicated position within the 
domain. Below, a yeast three-hybrid assay of various OCA2 constructs 
coexpressed with hemicomplexes of the AP-1 (γ/σ1A), AP-2 (α/σ2), 
and AP-3 (δ/σ3A) complexes. A protein–protein interaction leads to 
expression of HIS3, allowing growth on His-deficient medium. All 
transformed yeast grow on His-containing control medium. 
(c) Schematic of OCA2 constructs used in the assay. Below, yeast 
three-hybrid assay of the OCA2 constructs in which dileucine motif 
sequences are repositioned within the OCA2 cytoplasmic domain.
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neither the second nor third acidic dileucine 
motif (LL2 or LL3) alone could support 
steady-state localization of OCA2 to mel-
anosomes in wild-type melanocytes or fully 
restore melanin synthesis when expressed in 
OCA2-deficient melanocytes (Sitaram et al., 
2009). Moreover, cytoplasmic domain fusion 
proteins in which LL1 was ablated by muta-
genesis showed impaired binding to AP 
complexes using a GST pull-down assay. To 
determine why these motifs were inactive 
in melanosome sorting and AP binding, 
we considered two parameters: position 
within the cytoplasmic domain and sequence 
of the intervening “x” residues within the 
[D/E]xxxL[L/I] consensus.

Because proximity to the membrane has 
previously been reported to affect the ability 
of a consensus sorting motif to function and 
to bind adaptors (Rohrer et al., 1996; Geisler 
et al., 1998; White et al., 1998), we used the 
Y3H assay to determine whether the inabil-
ity of the LL2 or LL3 motif to bind APs was 
due to its placement within the cytoplasmic 
domain. We made variants of the OCA2-
AA23N construct in which the sequence of 
the active LL1 signal was replaced in situ by 
that of LL2 (OCA2-AA23N LL1-2) or LL3 
(OCA2-AA23N LL1-3; Figure 1c). Whereas 
all three AP hemicomplexes interact with 
OCA2-AA23N bearing intact LL1, no AP in-
teracted with either the LL1-2 or LL1-3 mu-
tant, indicating that the sequences of the 
LL2 and LL3 motifs were inherently inactive 
even when placed in the normal position for 
LL1. We then performed the complemen-
tary experiment in which the LL1 sequence 
was placed in the position of the second or 
third motif (in the context of an inactivated 
LL1 motif at position 1 in construct OCA2-
AA1N). Whereas the disruption of the LL1 
motif in OCA2-AA1N ablates the interaction 
with all three AP hemicomplexes, reintro-
duction of the LL1 sequence into the second 
position (OCA2-AA1N LL2-1) or the third 
position (OCA2-AA12N LL3-1) within the cy-
toplasmic domain restores this interaction. 
These data indicate that the LL1 motif is ac-
tive in AP binding regardless of its position 
within the cytoplasmic domain, implicating 

specific sequence elements as critical to its AP-binding activity.
To determine whether motif position affected the activity of the 

sorting signal, we engineered the aforementioned mutations into 
the full-length, hemagglutinin (HA)-tagged human OCA2 and tran-
siently expressed the mutants in wild-type pigmented melan-Ink4a 
mouse melanocytes. Indirect immunofluorescence microscopy (IFM) 
analyses in these cells showed that OCA2-AA1 LL2-1—in which LL1 
is placed in position 2—distributes largely in HA-positive rings that 
surround pigmented structures (Figure 2, a–c), similar to the staining 
pattern seen with expression of wild-type HA-tagged or native 
OCA2 (Sitaram et  al., 2009). To determine whether this construct 
retained function, we expressed it in nonpigmented, OCA2-deficient 

among experiments (data not shown, but see later figures). Also 
consistently, the interaction was ablated when all three acidic dileu-
cine motifs were mutagenized to substitute the three dileucine pairs 
for dialanines (OCA2-AA123N). An intact critical LL1 motif alone 
(OCA2-AA23N) was sufficient to restore the interaction with the AP 
hemicomplexes. These data confirm that the Y3H assay robustly re-
capitulates the ability of LL1 to interact with AP complexes.

Acidic dileucine motif position does not affect AP binding 
or sorting activity
Our previous analyses of transiently transfected immortalized 
melanocytes that express full-length OCA2 variants revealed that 

FIGURE 2:  Localization and function of OCA2 dileucine-motif position mutants. (a–i) IFM analysis 
of melan-Ink4a cells (a–c) or melan-p1 cells (d–i) expressing selected mutant OCA2 variants. The 
melan-Ink4a melanocytes were transfected with OCA2-AA1 LL2-1 (a–c), and the melan-p1 cells 
were transfected with OCA2-AA1 LL2-1 (d–f) or OCA2-AA23 LL1-2 (g–i). Transgenes were 
visualized with anti-HA antibodies (a, d, g), and melanosomes were visualized by bright-field 
microscopy (b, e, h). c, f, and i are merged OCA2-HA (magenta) and inverted bright-field (green) 
images. All insets show 5× magnified images of the boxed region. Arrows point to regions of 
overlap of OCA2 constructs with melanosomes. Bar, 10 μm. (j) Dileucine mutants were expressed 
in OCA2-deficient melan-p1 cells, and transfected cells were visually inspected for the presence 
of pigmented melanosomes. Shown is the percentage of transfected cells expressing each 
indicated construct that contained pigmented melanosomes (percentage pigmented cells). All 
columns were significantly different from rescue by OCA2-HA. ***, p < 0.001.
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melan-p1 mouse melanocytes; we previ-
ously showed that OCA2 function correlates 
with melanosomal localization, since ex-
pression of human OCA2 constructs that 
localize to melanosomes but not ones that 
are restricted to the cell surface restores 
pigment synthesis in melan-p1 melanocytes 
(Sviderskaya et  al., 1997; Sitaram et  al., 
2009). Consistently, transiently expressed 
OCA2-AA1N LL2-1 localized to vesicular 
structures in melan-p1 cells as in wild-type 
cells (Figure 2, d–f) and rescued pigmenta-
tion in 54% of transfected cells, compared 
with 69% of cells expressing wild-type OCA2 
(Figure 2j). By contrast, full-length OCA2 
constructs bearing the LL1-2 and LL1-3 mu-
tations were mislocalized to the cell surface 
when expressed in wild-type melanocytes 
(Figure 3j and unpublished data) or melan-
p1 cells (Figure 2, g–i) and were incompe-
tent to rescue melanin synthesis in melan-p1 
cells (Figure 2, g–j, and unpublished data). 
Together these data confirm that the LL2 
and LL3 sequences are intrinsically poor at 
interacting with AP complexes and at effect-
ing melanosome localization, even when 
placed in a “favorable” position within the 
protein. Conversely, the LL1 sequence is in-
trinsically competent to bind AP complexes 
in a relatively position-independent manner.

Acidic dileucine motif sequence 
requirements for AP-binding and 
melanosome-targeting activity
To begin to dissect those primary sequence 
features of the OCA2 dileucine motifs that 
conferred AP binding and sorting activity, 
we compared the sequence of the inactive 
LL3 motif in OCA2 to that of active acidic 
dileucine sorting signals. In particular, the 
sole acidic dileucine sorting motif in human 
TYR, EKQPLL, differs at only two positions 
from the LL3 motif in human OCA2, EK-
GDLL (Figure 3a). Whereas AP-1, -2, and -3 
hemicomplexes did not interact with the 
OCA2-AA23N LL1-3 mutant, in which the 
LL3 sequence in position 1 is the only intact 

FIGURE 3:  Internal sorting signal residues affect AP complex interaction. (a) Comparison of the 
LL3 acidic dileucine motif from human OCA2 and the sole acidic dileucine motif in human 
tyrosinase. OCA2-AA23N hTYR constructs were made in which the first acidic dileucine motif of 
the OCA2 cytoplasmic domain was replaced with the sequence from tyrosinase, with or without 
the indicated amino acid substitutions. (b) Yeast three-hybrid analyses of AP hemicomplex 
interaction with the OCA2-AA23N hTYR constructs. (c) Melan-p1 rescue assay performed as in 
Figure 2j. n.s., not significant. ***, p < 0.001. (d–l) Melan-Ink4a mouse melanocytes were 

transiently transfected with full-length, 
HA-tagged OCA2-AA23 (d–f), OCA2-AA23 
hTYR (g–i), OCA2-AA23 LL1-3 (j), OCA2-
AA23 hTYRPD (k), or OCA2-AA23 hTYRQG 
(l) constructs bearing the identical mutations 
used in the yeast three-hybrid assay. 
Cells were stained with anti-HA antibodies 
(d, g; colored magenta in merged pictures, 
f, i–l) and subjected to indirect 
immunofluorescence microscopy. Bright-field 
images (e, h) were inverted and colored 
green in merged pictures. Arrows point to 
regions of overlap between OCA2 constructs 
and melanosomes. Bar, 10 μm.
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glycine at position −2 nor aspartate at posi-
tion −1 (relative to the first leucine) can sup-
port either activity.

OCA2 interactions with AP-1 
and AP-3 are separable
To further define the sequence requirements 
for AP binding and for melanosome target-
ing, we compared LL1 to acidic dileucine–
based sorting signals from other melano-
cytic proteins. The LL1 motif in human OCA2 
is the only one of the three human motifs 
that has a counterpart in OCA2 homo-
logues in the mouse, Japanese medaka 
fish, or Mexican cavefish. Although the gen-
eral consensus for acidic dileucine motifs is 
[D/E]xxxL[L/I], the three nonhuman OCA2 
homologues (and indeed nearly all verte-
brate homologues; Supplemental Table S1) 
and the LL1 (but not LL2 or LL3) motif of hu-
man OCA2 share a more restricted consen-
sus of ExxPLL (Figure 4a). Moreover, the se-
quences of the cytoplasmic sorting motifs 
found in TYR and TYRP1 also correspond to 
the more restricted motif, suggesting the 
specific importance of a −4 glutamate (or −5 
for the unusually extended TYRP1 motif) 
and −1 proline for sorting to melanosomes. 
We tested the effect of a conservative Glu-
to-Asp mutation of the OCA2 LL1 motif 
(OCA2-AA23N E96D) and of a nonconser-
vative Pro-to-Ala mutation (OCA2-AA23N 
P99A; Figure 4b). The E96D mutant ablated 
the interaction of OCA2-AA23N with AP-3 
hemicomplexes by Y3H assay (Figure 4c). Its 
interactions with AP-1 and AP-2 hemicom-
plexes were reduced but not eliminated; 
this manifested as variability in yeast growth 
over several trials (e.g., compare Figure 4c 
to Supplemental Figure S1b). Conversely, 
the P99A mutation abolished interaction of 
OCA2-AA23N with AP-1 hemicomplexes 
but consistently retained an interaction with 
AP-3 hemicomplexes (albeit reduced). The 

P99A mutation also consistently impaired the interaction with AP-2 
hemicomplexes (data not shown). These data suggest that AP-1 but 
not AP-3 is tolerant of an aspartate residue at position −4, whereas 
AP-3 but not AP-1 is tolerant of an alanine at position −1.

To determine what features at position −1 were necessary for 
binding to AP-1 and AP-3 hemicomplexes, we further mutagenized 
the −1 Pro residue to several different amino acids to test the suit-
ability of a range of side groups for the residue in that position 
(Figure 5a). Of Ala, Asp, Asn, Lys, Phe, and Ser, only the serine sub-
stitution interacted with AP-3 hemicomplexes at a level that was 
comparable to that of the wild-type OCA2 LL1 motif; of importance, 
like the alanine substitution, the serine substitution did not support 
interaction with AP-1 hemicomplexes (Figure 5b). The phenylala-
nine substitution also interacted variably with both AP-1 and AP-3 
hemicomplexes. As predicted by the individual mutations, incorpo-
ration of both the E96D and P99S mutations together within the LL1 
motif of OCA2-AA23N ablated the interaction with either AP-1 or 
AP-3 hemicomplexes (Supplemental Figure S1, a and b; see also 

motif (Figures 1c and 3b), all three AP hemicomplexes interacted 
with an OCA2-AA23N construct bearing the EKQPLL motif of hu-
man TYR at position 1 (OCA2-AA23N hTYR; Figure 3b). However, 
constructs bearing either of the two single amino acid substitutions 
that change the middle residues of the TYR signal to those in the 
inactive LL3 motif (OCA2-AA23N TYRPD or OCA2-AA23N TYRQG) 
did not interact with any AP hemicomplexes (Figure 3b). The AP-
binding ability of the motifs correlated completely with sorting activ-
ity, since full-length OCA2-AA23 bearing endogenous LL1 (Figure 3, 
d–f) and OCA2-AA23N hTYR bearing the intact tyrosinase signal 
localized to melanosomes at steady state when expressed in melan-
Ink4a melanocytes (Figure 3, d–i) and stimulated melanin synthesis 
in a high proportion of transfected melan-p1 cells (Figure 3c), but 
neither of the two “LL3-like” single-point-mutant chimeric con-
structs did. Instead, these mutants localized to the plasma mem-
brane (Figure 3, k and l). Taken together, our results indicate that the 
“x” amino acids of the [D/E]xxxL[L/I] consensus greatly influence AP 
binding and sorting activity in the context of OCA2, and that neither 

FIGURE 4:  AP-1 and AP-3 interaction with the OCA2 LL1 motif are separable. (a) Comparison of 
sequences of acidic dileucine motifs in OCA2 isoforms from human, mouse, Japanese medaka 
fish, and Mexican cavefish. All motifs are underlined, and gray boxes highlight conserved 
elements in the OCA2 motifs, as well as in motifs from human and mouse tyrosinase and TYRP1. 
(b) Single amino acid substitutions were made in the OCA2-AA23N construct to test for changes 
in interaction with AP complexes. (c) Yeast three-hybrid analyses of AP interaction with OCA2 
sorting motif mutants. Transformants were spotted in fivefold serial dilutions. E96D and P99A 
show reciprocal interaction with AP-1 and AP-3.
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OCA2 interaction with AP-3 is required for melanosomal 
localization but not function
Because we had isolated OCA2 constructs that showed contrasting 
preferences for AP-1 or AP-3 binding—E96D weakly for AP-1 and 
P99S or P99A for AP-3—we next tested the role of each complex in 
melanosomal sorting by determining whether the changes in inter-
actions with AP complexes affected OCA2 localization. Each sorting 
motif mutation was placed into full-length, HA-tagged human 
OCA2-AA23 (in which the dileucine residues of LL2 and LL3 are re-
placed by alanine, such that the only active motif is the wild-type or 
modified LL1) and transiently expressed in melan-Ink4a melano-
cytes. In these cells, most of the visualized “wild-type” OCA2-AA23 
localized to rings, and ∼49% of these structures surrounded pig-
mented melanosomes (Figures 3, d–f, and 6g). Consistently, by im-
muno–electron microscopy analyses of immunogold-labeled ultra-
thin cryosections, OCA2-AA23 localized largely to melanosomes 
with some additional labeling of the Golgi and occasional small 
vesicles (Supplemental Figure S2). By comparison, the AP-3–biased 
OCA2-AA23 P99S or P99A constructs consistently showed in-
creased steady-state labeling at the cell surface but also localized 
properly to rings in most cells (Figure 6, a–c; note, however, that in 
some cells, only cell surface labeling was observed). About 40% of 
the intracellular rings enclosed pigmented structures (Figure 6g). 
The increased cell surface localization but near-wild-type distribu-
tion of the intracellular pool of the P99A and P99S variants to 
melanosomes suggests that OCA2 interaction with AP-1 and AP-2 
might facilitate more efficient intracellular retention of OCA2 but 
might not be absolutely required for melanosomal trafficking. By 

Figure 5c). Although each individual mutant retained the ability to 
bind to the AP-2 hemicomplex, the combined mutant also ablated 
this interaction (Supplemental Figure S1b). Taken together, these 
data suggest that interaction of an acidic dileucine motif with AP-1 
requires a proline or perhaps a large hydrophobic amino acid resi-
due at position −1, whereas AP-3 binding can tolerate small, un-
charged residues such as serine or alanine at this position.

To confirm the results of the Y3H assay, we tested for the ability 
of the E96D, P99S, and the combined E96D/P99S variants to bind 
to AP-1 and AP-3 using a GST pull-down assay previously used to 
demonstrate the binding of the OCA2 LL1 motif to these adaptors 
(Sitaram et al., 2009). Detergent lysates of MNT-1 human melanoma 
cells were incubated with GST fused to the OCA2 N-terminal cyto-
plasmic domain with or without mutations in the LL1, LL2, and LL3 
motifs, and bound AP-3 or AP-1 complexes were detected by im-
munoblotting with antibodies to δ- and γ-adaptin, respectively 
(Figure 5c). As shown previously, both the intact OCA2 cytoplasmic 
domain (OCA2NT) and a variant lacking LL2 and LL3 (AA23) bound 
to AP-3 and AP-1 from cell lysates, but a variant lacking all three aLL 
motifs (AA123) did not. Consistent with the Y3H data, an AA23 vari-
ant harboring the P99S mutation bound to AP-3 effectively (30.1 ± 
14% relative to AA23) but not variants harboring the E96D mutation 
alone or in tandem with P99S. Consistent with the weak and vari-
able binding of the E96D variant to AP-1 γ/σ1 hemicomplexes by 
Y3H, no binding above background was detected for this variant to 
either AP-1 or AP-3. Taken together, these data support the conclu-
sions drawn from Y3H that the P99S variant favors binding to AP-3 
and the E96D variant binds with low affinity, if at all, to AP-1.

FIGURE 5:  AP-3 is more tolerant than AP-1 of substitutions at the −1 position in the OCA2 LL1 sorting motif. 
(a) Schematic of OCA2-AA23N constructs containing a range of amino acid substitutions at the conserved proline of the 
LL1 sorting motif of human OCA2. (b) Yeast three-hybrid analyses of the interaction of OCA2-AA23N proline 
substitution constructs with AP-3 or AP-1. (c) GST pull-down assay. Fusion proteins consisting of GST fused to the 
full-length OCA2 N-terminal cytoplasmic domain (GST-OCA2NT) or to the indicated mutants were generated by 
expression in E. coli, bound to glutathione–Sepharose beads and incubated with detergent lysates of the human 
melanoma, MNT-1. Bound proteins were recovered by centrifugation, fractionated by SDS–PAGE, and analyzed by 
immunoblotting for AP-3 (with anti–δ-adaptin antibody) or AP-1 (with anti–γ-adaptin antibody). Bottom, Coomassie stain 
of the same gels showing equal loading of GST-OCA2 cytoplasmic domains.
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pearl (Theos et al., 2005). A large cohort of 
tyrosinase is mislocalized in these cells, but 
the cells are significantly pigmented (Theos 
et al., 2005), and melanosomal localization 
of other cargoes, such as TYRP1 and ATP7A, 
is largely intact (Theos et  al., 2005; Setty 
et al., 2007, 2008). We observed two differ-
ent phenotypes in different cultures of 
melan-pe cells. One phenotype resembled 
that observed originally, in which tyrosinase 
localization and melanosome ultrastructure 
have been well characterized (Theos et al., 
2005). In these cells, like the AP-1–preferring 
E96D mutant in wild-type cells, transiently 
expressed OCA2-AA23 localized to punc-
tate structures that were near or adjacent to 
pigmented melanosomes (Figure 7, a–c), 
and only 25% of these structures overlapped 
with pigment (Figure 7j). This result is con-
sistent with a model in which AP-3 is neces-
sary for melanosomal delivery of OCA2 from 
adjacent endosomal structures. Both the 
E96D and P99S constructs were also de-
tected on some structures that abutted pig-
mented melanosomes in melan-pe cells 
(Figure 7, d–i) but to a lesser degree than 
OCA2-AA23 (Figure 7j). Thus in all cases, 
the lack of AP-3 appeared to prevent effi-
cient melanosomal delivery of OCA2. More-
over, partially or severely reduced affinity for 
AP-1, as in E96D and P99S, respectively, 
correlated with a decrease in localization to 
perimelanosomal structures, suggesting 
that AP-1 might be required for effective ac-
cumulation in these structures.

In independent cultures of melan-pe 
cells, we observed a distinct phenotype. In 
these cells, melanosomes were dramatically 
enlarged, highly pigmented, and abnor-
mally distributed near the nucleus. In these 
cultures, all OCA2 mutants, including the 
AP-3–favoring P99A, were localized to the 

enlarged melanosomes (Supplemental Figure S3, a–c and g–l). 
However, a number of additional proteins were also unexpectedly 
localized to these aberrant melanosomes, including the early endo-
somal soluble N-ethylmaleimide–sensitive factor attachment pro-
tein receptor (SNARE) syntaxin 13 (Setty et al., 2007), the late endo-
some/lysosome SNARE syntaxin 7 (data not shown), and OCA2-AA1, 
which was not detected on melanosomes in wild-type cells (Sitaram 
et al., 2009; Supplemental Figure S3, d–f); none of these cargoes 
was detected on pigment granules in the more modestly pigmented 
cultures shown in Figure 7. We therefore interpret these observa-
tions as the result of indirect, adverse effects of long-term AP-3 de-
pletion on endosomal trafficking and the maintenance of the dis-
tinct identities of endosomes and melanosomes. By contrast, the 
results with the less pigmented cultures are consistent with observa-
tions of aLL signal variants in wild-type melanocytes and thus more 
likely reflect direct consequences of AP-3 loss on cargo transport.

We next tested whether changes in steady-state localization of the 
mutants affected function by using the melan-p1 pigmentation res-
cue assay. In this set of experiments, expression of OCA2-AA23 res-
cued pigmentation in 86% of transfected melan-p1 cells, whereas the 

contrast, the AP-1–biased OCA2-AA23 E96D variant localized to 
structures that were localized eccentrically to one side of pigmented 
melanosomes (Figure 6, d–f). This eccentric localization of the E96D 
variant led to a decrease in the degree of overlap with melanin 
(∼ 25%) relative to wild-type OCA2-AA23 (p < 0.01; although also 
reduced relative to the P99A or P99S variants, the reduction was not 
statistically significant due to cell-to-cell variability of localization 
measurements). This eccentric distribution would be consistent with 
localization to perimelanosomal recycling endosome-derived trans-
port carriers (Delevoye et al., 2009). The data thus suggest that AP-1 
binding is sufficient for initial targeting steps toward melanosomes 
but that AP-3 binding is necessary for a late sorting step to target 
OCA2 to melanosomes. As expected for a mutant that was unable 
to bind to any of the adaptors, full-length OCA2-AA23N bearing 
the double E96DP99S mutation localized to the cell surface when 
expressed in wild-type melan-Ink4a melanocytes (Supplemental 
Figure S1c).

To confirm the role of AP-3 in melanosomal trafficking of OCA2, 
we also expressed the constructs in AP-3–deficient melan-pe mel-
anocytes, which are derived from the HPS type 2 mouse model, 

FIGURE 6:  Localization of dileucine-motif point mutants in wild-type melanocytes. (a–f) IFM 
analysis of melan-Ink4a cells expressing selected mutant OCA2 variants. Melan-Ink4a 
melanocytes were transfected with OCA2-AA23 P99A (a–c) or OCA2-AA23 E96D (d–f). 
Transgenes were visualized with anti-HA antibodies (a, d), and melanosomes were visualized by 
bright-field microscopy (b, e). c and f are merged OCA2-HA (magenta) and inverted bright-field 
(green) images. All insets show 5× magnified images of the boxed region. Arrows point to 
regions of overlap of OCA2 constructs with melanosomes. Bar, 10 μm. (g) Deconvolved IFM 
images of each mutant were converted to binary images and analyzed for marker overlap. Cells 
transfected with OCA2-AA23 P99A or OCA2-AA23 P99S were combined in the analysis. Each 
data point represents one cell. Shown is the percentage of punctate/vesicular HA staining that 
overlapped with pigment in each cell (percentage of OCA2 with pigment). Each pair of mutants 
was compared. n.s., not significant. **, p < 0.01.
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OCA2 trafficking to melanosomes 
is dependent on BLOC-1
The foregoing data indicate that AP-1 might 
facilitate an early step in melanosomal traf-
ficking of OCA2 but that AP-3 is required 
for ultimate efficient accumulation in mel-
anosomes. This would tend to suggest that 
OCA2 follows a transport pathway from en-
dosomes to melanosomes that is similar to 
TYR but dissimilar from TYRP1, which is 
sorted to melanosomes in an AP-3–inde-
pendent manner. To further test this model, 
we probed the requirement for BLOC-1 in 
melanosomal transport of OCA2. Melano-
somal delivery of TYR and TYRP1 shows dif-
ferent levels of dependence on BLOC-1, 
such that TYRP1 accumulation absolutely 
requires BLOC-1, but TYR accumulation is 
only modestly reduced in BLOC-1–deficient 
cells (Setty et  al., 2007). To test whether 
melanosomal delivery of OCA2 variants re-
quires BLOC-1, we examined their localiza-
tion after transient expression in melan-pa1 
melanocytes derived from the BLOC-1–
deficient pallid mouse. We previously 
showed that TYRP1 in these cells is mislo-
calized largely to vacuolar endosomes, as a 
result of the failure of BLOC-1–dependent 
siphoning toward melanosomes, and to the 
cell surface, as a result of “default” in-
creased endosomal recycling (Setty et  al., 
2007). By IFM, ∼50% of transiently ex-
pressed OCA2-AA23 colocalized with the 
internal pool of TYRP1 in melan-pa1 cells, 
and there was also a substantial pool of 
OCA2-AA23 at the plasma membrane 
(Figure 8, a–c and j). Moreover, OCA2-AA23 
did not overlap at all with PMEL, a marker 
for the nonpigmented melanosomes in 
these cells (unpublished data), supporting 
the interpretation that OCA2-AA23 is ex-
cluded from melanosomes in these cells. 
These data indicate that melanosomal traf-
ficking of OCA2 is similarly BLOC-1 depen-
dent. The AP-1–biased E96D variant over-
lapped with TYRP1 to a similar degree 
(Figure 8, d–f and j), supporting the view 
that BLOC-1 and AP-1 cooperate in cargo 
delivery. Of interest, the AP-3–biased P99S 
variant was nearly completely mislocalized 
to the cell surface in melan-pa1 cells; in-

deed, cell surface localization of P99S was more extensive than that 
for TYRP1, and those puncta that were observed showed little over-
lap with intracellular TYRP1 and likely represent surface projections 
(Figure 8, g–i). This result might be explained by a combination of 
increased endosomal recycling to the cell surface, as has been ob-
served for TYRP1 in BLOC-1–deficient cells (Setty et al., 2007), and 
decreased endocytosis as a consequence of the decreased interac-
tion of the P99S variant with AP-2 relative to the other OCA2 con-
structs (unpublished data). Taken together, these data suggest that 
OCA2 requires both AP-3 and BLOC-1 for effective delivery to 
melanosomes.

expression of the surface-localized OCA2-AA123 and OCA2-AA23 
E96DP99S mutants rescued pigmentation in very few cells (Figure 7k 
and Supplemental Figure S1d). Consistent with the similar degree of 
localization to melanosomes in wild-type melanocytes, the AP-3–
biased P99S variant stimulated pigment synthesis as well as OCA2-
AA23. Surprisingly, the AP-1–biased E96D variant was only slightly 
less efficient than OCA2-AA23 in rescuing pigmentation in melan-p1 
cells, despite the reduced localization to melanosomes in wild-type 
cells (Figure 7k). The high degree of rescue effected by the E96D vari-
ant suggests that OCA2 might be able to fulfill its function in melano-
genesis from within structures that are adjacent to melanosomes.

FIGURE 7:  Localization of dileucine-motif point mutants in AP-3–deficient melanocytes. (a–i) 
IFM analysis of AP-3–deficient cells expressing selected mutant OCA2 variants. Melan-pe 
melanocytes were transfected with OCA2-AA23 (a–c), OCA2-AA23 P99S (d–f), or OCA2-AA23 
E96D (g–i). Transgenes were visualized with anti-HA antibodies (a, d, g), and melanosomes were 
visualized by bright-field microscopy (b, e, h). c, f, and i are merged OCA2-HA (magenta) and 
inverted bright-field (green) images. All insets show 5× magnified images of the boxed region. 
Bar, 10 μm. (j) Deconvolved IFM images of each mutant were converted to binary images and 
analyzed for marker overlap. Each data point represents one cell. Shown is the percentage of 
punctate/vesicular HA staining that overlapped with pigment in each cell (percentage of OCA2 
with pigment). The two point mutants were significantly different from OCA2-AA23 but not 
from each other. *, p < 0.05; ***, p < 0.001. (k) OCA2-deficient melan-p1 melanocytes were 
rescued as in Figure 2j. All columns were compared with OCA2-AA23. n.s., not significant. 
*, p < 0.05; ***, p < 0.001.
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DISCUSSION
On the basis of the behavior of model cargo 
proteins studied to date, we previously pro-
posed two routes by which cargoes are de-
livered from endosomes toward maturing 
melanosomes in melanocytic cells: one 
mediated by AP-3 and used largely by TYR 
(Huizing et al., 2001; Theos et al., 2005), and 
the other mediated by AP-1 and BLOC-1 
and used by TYRP1 (Setty et  al., 2007; 
Delevoye et  al., 2009), the copper trans-
porter ATP7A (Setty et al., 2008), and per-
haps a cohort of TYR (Theos et al., 2005). By 
analyzing the behavior of wild-type OCA2 
and variants that bind selectively to AP-1 or 
AP-3, we now extend this model by provid-
ing evidence for a pathway that requires 
both BLOC-1 and AP-3. Our data obtained 
using a Y3H assay confirm previous findings 
that OCA2 can bind to both AP-1 and AP-3 
via a critical [D/E]xxxL[L/I]-consensus aLL 
sorting motif but show for the first time that 
the identity of the “x” residues within the 
core motif—but not the placement of the 
motif within the cytoplasmic domain— un-
derlies binding specificity for each adaptor. 
The distinct intracellular localization of mu-
tants that interact preferentially with either 
AP-1 or AP-3 provides evidence that AP-3 
mediates a final step in the delivery of OCA2 
to melanosomes, highlighting an expanded 
role for this complex in LRO biogenesis.

AP-1, -2, and -3 are well known for their 
role in coupling clathrin coat recruitment to 
cargo selection via recognition of cytoplas-
mic sorting motifs and consequent cargo 
clustering into buds for directed vesicular 
trafficking within the endosomal system 
(Bonifacino and Traub, 2003; Robinson, 
2004). The cytoplasmic domains of a num-
ber of melanosomal proteins, including TYR 
and TYRP1, contain aLL-based sorting sig-
nals that have been shown to be necessary 
for melanosomal transport (Vijayasaradhi 
et  al., 1995; Calvo et  al., 1999; Simmen 
et al., 1999). Human OCA2 has three con-
sensus aLL motifs, but only the most mem-
brane-distal motif, LL1, confers melano-

somal localization and full function (Sitaram et al., 2009). Unlike aLL 
signals in other melanosomal and lysosomal proteins, which tend to 
be positioned within 6-11 residues of the transmembrane domain, 
the LL1 motif of human OCA2 is located 70 amino acid residues 
from the transmembrane domain. Motifs at such a distance tend to 
be limited for use in internalization rather than targeting to lyso-
somes or LROs (reviewed in Bonifacino and Traub, 2003), as seems 
to be the case for an aLL signal in the distal cytoplasmic domain of 
PMEL (Lepage and Lapointe, 2006; Theos et al., 2006; Robila et al., 
2008), but in this case it is likely that protein:protein or protein:lipid 
interactions bring the motif close enough to the membrane to en-
gage AP-1 and AP-3. Nevertheless, the data presented here dem-
onstrate that the LL1 signal functions in a position-independent 
manner—at least within the most membrane-proximal 100 amino 

As discussed, TYR requires AP-3 but not BLOC-1 for efficient ac-
cumulation in melanosomes. To test whether the lack of requirement 
for BLOC-1 is a property of the aLL-sorting signal, we expressed 
OCA2-AA23 hTYR bearing the aLL motif from human tyrosinase in 
BLOC-1–deficient melan-pa1 cells. As shown earlier, this substituted 
aLL motif conferred wild-type localization and function to OCA2. 
Consistently, OCA2-AA23 hTYR was unable to traffic to melanosomes 
in melan-pa1 cells, as shown by a lack of colocalization with PMEL 
(Supplemental Figure S4). This result indicates that the transplantable 
aLL motif from tyrosinase cannot confer BLOC-1 independence on 
OCA2. Taken together, the data suggest that AP-3 can function in 
either a BLOC-1–independent pathway or a BLOC-1–dependent 
pathway and that the choice of pathway is not dictated by the prop-
erties of the aLL motif alone.

FIGURE 8:  Localization of dileucine-motif point mutants in BLOC-1–deficient melanocytes. 
(a–i) IFM analysis of BLOC-1–deficient cells expressing selected mutant OCA2 variants. 
Melan-pa1 melanocytes were transfected with OCA2-AA23 (a–c), OCA2-AA23 E96D (d–f), or 
OCA2-AA23 P99S (g–i). Transgenes were visualized with anti-HA antibodies (a, d, g), and 
endogenous TYRP1 was visualized in b, e, and h. c, f, and i are merged OCA2-HA (magenta) and 
TYRP1 (green) images. All insets show 5× magnified images of the boxed region. Bar, 10 μm. 
(j) Deconvolved IFM images of OCA2-AA23 and OCA2-AA23 E96D were converted to binary 
images and analyzed for marker overlap. The P99S mutant was not analyzed. Each data point 
represents one cell. Shown is the percentage of punctate/vesicular HA staining that overlapped 
with TYRP1 in each cell (percentage of OCA2 with TYRP1). E96D was not significantly different 
(n.s.) from OCA2-AA23.
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specificity for the identity of the acidic residue. In contrast to the 
E96D mutant, the P99A and P99S mutants of OCA2 eliminated 
AP-1 interaction and greatly reduced AP-2 interaction but main-
tained a significant level of AP-3 interaction. Proline has been spe-
cifically noted as a common −1 residue in several aLL motifs (Pond 
et al., 1995; Darsow et al., 1998; Höning et al., 1998; Bennett and 
Lamoreux, 2003; Doray et al., 2007). Consistent with the importance 
of the −1 Pro for AP-1 and AP-3 interaction, mutagenesis of a −1 Pro 
in the distal motif of LRP9 eliminates binding to AP-1 and severely 
reduces its interaction with AP-2, and the cation-independent man-
nose 6-phosphate receptor can acquire the ability to interact with 
AP-1 and AP-2 from a heterologous motif that includes a −1 Pro 
(Doray et al., 2008). The −1 Pro does not seem to be required for 
AP-3 interaction since the same position could accommodate ala-
nine (with a small hydrophobic side chain), serine (polar uncharged 
side chain), and phenylalanine (bulky hydrophobic side chain) in our 
Y3H assay. However, neither OCA2 LL1 (Figure 5) nor the OCA2-
AA23 hTYRPD chimera (Figure 3) was able to tolerate an acidic resi-
due (aspartate) in this position. In the AP-2 crystal structure the 
−4 acidic residue binds in a pocket that has some flexibility, the two 
leucine residues bind in a separate hydrophobic pocket, and the 
−1 position protrudes into the solvent. It is again tempting to specu-
late that the differential requirements for the identity of the acidic 
residue or the −1 Pro will be reflected in structural differences be-
tween AP-1 and AP-3 aLL motif–interacting surfaces. The aLL motif 
of Nef, ENTSLL, is identical to the OCA2 P99S variant, yet Nef does 
interact with AP-1 in a yeast three-hybrid assay (Mattera et al., 2011). 
However it has also been suggested that residues outside of the 
sorting motif in Nef contribute to AP binding (Chaudhuri et  al., 
2009; Mattera et  al., 2011). The aLL motif of mouse tyrosinase, 
ERQPLL, interacts in a three-hybrid assay with both AP-1 and AP-3 
(Theos et al., 2005), and the identical sequence in the lipid kinase 
PI4K2A mediates coimmunoprecipitation from cell lysates of PI4K2A 
with AP-3 but less so with AP-1 (Craige et al., 2008). Whether this 
difference in AP-binding specificity reflects a difference in cargo 
protein conformation or important extra-motif residues or simply a 
difference between the two assays is unknown.

Although the E96D and P99S variants show opposite prefer-
ences for AP interaction, full-length OCA2 bearing either mutation 
was found to localize to postendosomal structures and to confer 
nearly complete function to OCA2-deficient melanocytes. This indi-
cates that either AP-1 or AP-3 alone is sufficient to direct proteins 
into the endosomal system and into endosomal domains bound for 
melanosomes. However, steady-state melanosomal localization of 
OCA2 seemed to critically depend on an OCA2/AP-3 interaction 
because 1) the AP-1–biased E96D variant localized to endosomal 
structures closely apposed to melanosomes in wild-type melano-
cytes rather than to melanosomal “rings” and 2) no construct ex-
pressed in the majority of AP-3–deficient melan-pe melanocytes 
localized properly to melanosomes. The unusual structures to which 
OCA2 localized in the absence of AP-3 or a strong AP-3 binding 
signal were adjacent to and partially overlapping with melanin. This 
pattern of localization resembles that of AP-1 and recycling endo-
somal markers in a human pigmented melanoma cell line and cor-
relates with tubular transport intermediates that physically connect 
recycling endosomal domains with melanosomes (Delevoye et al., 
2009). We thus speculate that OCA2 accumulates in such tubular 
extensions when it is capable of binding to AP-1 but not to AP-3 
(Figure 9). Consistently, by double immunogold labeling and 
immuno–electron microscopy analysis of ultrathin cryosections of 
transiently transfected wild-type melanocytes, we detected OCA2 
in small vesicles that also contained AP-1 (Supplemental Figure S2, 

acid residues of the OCA2 N-terminal domain—and is capable of 
interacting with AP complexes and effecting melanosome targeting 
when moved to sites that normally harbor inactive LL2 and LL3 mo-
tifs. We conclude that the primary determinant of aLL-based target-
ing activity is ultimately a property of its sequence, supporting con-
clusions drawn from an analysis of differential binding of wild-type 
and mutant adaptor complexes to natural aLL signals from tyrosi-
nase, LIMPII, and HIV Nef (Mattera et al., 2011). In this regard, the 
LL1 sequence is different from other aLL motifs such as a CD4/CD3-γ 
chimera (Geisler et al., 1998), the distal motif of Iip31 (Pond et al., 
1995), and the motif of Vam3p (Darsow et al., 1998), all of which 
were affected by the residue immediately upstream of the acidic 
residue. It may be that OCA2 folds in such a way that only the core 
motif is presented in the correct orientation for AP binding, without 
the engagement of nearby residues. Of interest, the LL1 sequence 
is exactly conserved in nearly all of the predicted mammalian homo-
logues of OCA2, with the exception of mouse and rat (Supplemen-
tal Table S1), suggesting that the sequence may have evolved to 
optimize function.

Although the adjacent residues do not seem to be important for 
LL1 interaction with AP complexes, the x residues within the core 
[D/E]xxxL[L/I] motif are, and signal activity is extraordinarily sensitive 
to changes in these residues. In our comparison of the human tyro-
sinase motif with the similar but nonfunctional OCA2 LL3 motif, the 
mutation of either the −2 Gln or the −1 Pro in the TYR motif to the 
Gly or Asp of the LL3 motif, respectively (OCA2-AA23 hTYRQG or 
OCA2-AA23 hTYRPD), completely abolished the interaction with all 
three AP complexes and caused mislocalization of the full-length 
protein to the cell surface, despite the fact that this motif still con-
forms to the ExxxLL consensus. Moreover, the hTYRQG sequence 
conforms to the more specific ExxPLL consensus found in other mel-
anosomal proteins. Because the motifs were all placed in the same 
position within the OCA2 domain, the difference in AP interaction 
between the EKQPLL motif and the EKGPLL motif must reflect dif-
ferences in the direct interaction between the core motif and the AP 
complexes. There is not yet a crystal structure of an aLL motif in 
complex with the core domain of AP-1 or AP-3, but there is one for 
AP-2 with the motif from CD4 (Kelly et al., 2008). The side chains for 
residues at the −2 and −3 positions of the motif point into the sol-
vent in vitro and thus do not contribute significantly to binding affin-
ity to the AP-2 core. The large effect on AP binding that we ob-
served upon mutation in the −2 position of the TYR aLL motif 
suggests that the orientation of these residues might be more re-
stricted when binding to AP-1 or AP-3. AP-2 is used for endocytosis 
of a wide variety of proteins from the cell surface, and a less rigid 
binding orientation is believed to contribute to its broad specificity 
as a cargo adaptor (Kelly et al., 2008). It may be that AP-1 and AP-3 
have more rigid binding surfaces that are more sensitive to the iden-
tities of the x residues than AP-2. Indeed, yeast three-hybrid analy-
ses by Mattera et al. (2011) suggested that aLL motifs bind to the 
analogous surfaces of the AP-1 and AP-3 complexes. Furthermore, 
fine specificity of AP complex binding was shown to depend on 
variations in AP complex subunit composition, as well as the se-
quence of cargo-sorting motifs, in agreement with our results.

The E96D mutation in OCA2 greatly reduced but did not elimi-
nate AP-1 interaction and had less of an effect on AP-2 interaction, 
consistent with mutagenesis results with the distal aLL motif of LRP9 
(Doray et al., 2007). Our data additionally show that the conserva-
tive E96D mutation eliminates AP-3 interaction. Acidic residues up-
stream of the dileucine pair are known to be necessary for AP-3 
binding to LIMP-II (Höning et al., 1998) and Vam3p (Darsow et al., 
1998), but to our knowledge this study represents the first report of 
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distribution (Newell-Litwa et al., 2009; Salazar et al., 2009; Larimore 
et al., 2011; Meng et al., 2012), although cell-type specificity of traf-
ficking mediated by the ubiquitously expressed AP-3 may also stem 
from interactions with LRO-specific Rabs (Bultema et  al., 2012). 
Finally, our model provides a critical biological context in a LRO-
generating cell type for a previously described physical interaction 
between AP-3 and BLOC-1 (Di Pietro et  al., 2006; Salazar et  al., 
2006). We speculate that these distinct sorting functions for AP-3 
are mediated from distinct domains of early-sorting and/or recycling 
endosomes. Consistently, we and others (Peden et al., 2004; Theos 
et al., 2005; unpublished observations) detect AP-3 in two different 
pools in melanocytes and other cell types. OCA2 sorting by AP-3 
might occur from the tubular recycling endosomal domains from 
which TYRP1 is delivered, whereas TYR sorting by AP-3 might occur 
from distinct domains of sorting endosomes (Figure 9). Further anal-
yses will be required to test this model.

If AP-3 mediates cargo sorting from two distinct domains, what 
determines whether cargoes enter the BLOC-1–dependent or 
BLOC-1–independent pathway? This decision point likely reflects 
some feature of the cargo other than the AP-interacting sorting 
signal. The failure of OCA2-AA23 hTYR, bearing the sorting motif 
of the largely BLOC-1–independent tyrosinase, to localize to 
immature melanosomes in BLOC-1–deficient melanocytes sug-
gests that the aLL motif alone cannot determine BLOC-1 depen-
dence. Instead, other features are likely critical. Unlike tyrosinase, 
which has only a single membrane-spanning domain, OCA2 has 
12 membrane-spanning domains, and its oligomeric state is un-
known. We speculate that the 12 membrane-spanning domains 
preclude entry of OCA2 either into early-sorting endosomal do-
mains from which tyrosinase accesses AP-3 for the BLOC-1–inde-
pendent pathway or into vesicles that likely serve as the transport 
intermediates from these domains (Peden et al., 2004; Theos et al., 
2005). By contrast, OCA2 might readily enter the tubular transport 
intermediates that have been observed between recycling endo-
somal domains and melanosomes and through which TYRP1 likely 
enters melanosomes (Delevoye et al., 2009). Definitive identifica-
tion of the determining feature will have to await ultrastructural 
analyses of OCA2 mutant and chimeric protein localization in HPS 
model melanocytes.

MATERIALS AND METHODS
Chemicals
All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) 
unless otherwise specified.

Cell culture and transgene expression
All culture reagents were purchased from Invitrogen (Carlsbad, CA) 
unless stated otherwise. All cells were grown at 37°C and 10% CO2. 
Immortalized mouse melanocyte cell lines, including melan-Ink4a 
from C57BL/6 Ink4a-Arf−/− (wild-type) mice (Sviderskaya et al., 2002), 
melan-p1 from C3H-pcp/p25H (pink-eyed dilute) mice (Sviderskaya 
et al., 1997), melan-pa1 from B6.Cg-PldnPaInk4a-Arf−/− (pallid) mice 
(Setty et al., 2007), and melan-pe from B6Pin.C3-Ap3b1pe/Ap3b1pe 
(pearl) mice (Theos et al., 2005), were grown in RPMI 1640 medium 
supplemented with 10% fetal bovine serum (Atlanta Biologicals, 
Lawrenceville, GA) and 200 nM phorbol 12-myristate-13-acetate. 
Melan-pe growth medium was additionally supplemented with 
200 pM cholera toxin. Transfections in mouse melanocytes were 
performed using FuGENE-6 (Roche Diagnostics, Indianapolis, IN) 
according to manufacturer’s instructions with 1–2 μg of DNA. 
MNT-1, a pigmented human melanoma cell line (Cuomo et  al., 
1991), was cultured as previously described (Raposo et al., 2001).

insets) and that are morphologically similar to intermediates in 
MNT-1 melanoma cells that harbor melanosome-bound TYRP1 
(Raposo et al., 2001; Delevoye et al., 2009). The likely interpretation 
that the E96D variant localized to endosomal tubules that are physi-
cally continuous with melanosomes in wild-type cells and rescued 
melanin synthesis in OCA2-deficient cells nearly as well as wild-type 
OCA2 raises the intriguing possibility that OCA2 might not need to 
be present specifically on melanosomes in order to function. OCA2 
is believed to function as a transporter, and thus either OCA2 might 
in fact function from the tubules themselves or mislocalization of 
OCA2 itself to the tubules might be overcome by diffusion of its 
putative transport substrate into melanosomes via passage through 
the tubules.

The dependence of OCA2 on AP-3 distinguishes its trafficking 
from that of TYRP1. Yet, like TYRP1, all OCA2 constructs were mislo-
calized in BLOC-1–deficient melanocytes; indeed, OCA2 in these 
cells largely overlapped with TYRP1, which is largely entrapped in 
early endosomal vacuoles (Setty et al., 2007), and the OCA2 con-
structs did not colocalize with the melanosomal marker PMEL. This 
dependence on BLOC-1 differentiates OCA2 trafficking from that of 
TYR, for which a substantial cohort can be found in the nonpig-
mented melanosomes in BLOC-1–deficient cells (Setty et al., 2007, 
2008). Thus, our data define a pathway of endosome-to-melano-
some trafficking that is both BLOC-1 dependent and AP-3 depen-
dent. Of interest, this pathway is consistent with analyses of en-
hanced coat color dilution in mice homozygous for mutations in 
OCA2 and HPS complexes AP-3, BLOC-1, or a related complex 
BLOC-2, which suggested that OCA2 functionally interacts with 
each of these trafficking complexes in the context of coat pigment 
generation (Hoyle et al., 2011). This pathway furthermore aligns our 
previous model of distinct BLOC-1–mediated and AP-3–mediated 
melanosomal trafficking pathways with observations in neurons and 
platelets that suggest that BLOC-1 and AP-3 work together in cargo 

FIGURE 9:  Model for role of AP-3, AP-1 and BLOC-1 in transport of 
OCA2 from endosomes to melanosomes. Shown is a model based on 
a related model from Delevoye et al. (2009) and the data from this 
article. In vacuolar endosomes, OCA2 encounters either AP-1 or AP-3, 
and either is sufficient to target OCA2 to melanosome-bound 
transport carriers that emerge from these domains. BLOC-1 also 
functions in an as-yet-unknown capacity during this step. From the 
transport carriers, binding to AP-3 is required to effect a subsequent 
transport step that results in stable association with melanosomes.
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with Matrigel (BD Biosciences) according to manufacturer’s instruc-
tions. The next day, cells were transfected with 1–2 μg of the rele-
vant OCA2 construct by using FuGENE-6 reagent. Two days later, 
cells were fixed for 30 min in phosphate-buffered saline (PBS)/2% 
formaldehyde (Thermo Fisher Scientific, Waltham, MA), stained with 
primary and fluorochrome-conjugated secondary antibodies, and 
mounted onto glass slides as described previously (Calvo et  al., 
1999). Slides were analyzed on a DM IRBE microscope (Leica, Wet-
zlar, Germany) equipped with an Orca (Hamamatsu, Bridgewater, 
NJ) or a Retiga Exi Fast 1394 digital camera (Qimaging, Surrey, Can-
ada). Images were captured and manipulated using OpenLab soft-
ware (Improvision, Lexington, MA) with the volume deconvolution 
package. Final images were prepared using Adobe Photoshop 
(Adobe Systems, Mountain View, CA).

Yeast culture, transformation, and three-hybrid assays
The S. cerevisiae strain HF7c (Clontech) was maintained on com-
plete yeast extract/peptone/dextrose plates. Cotransformation with 
pBridge and pGADT7 plasmids was performed by a modification of 
the lithium acetate procedure as described in the Yeast Protocols 
Handbook from Clontech. HF7c transformants were selected by 
spreading on plates lacking leucine, tryptophan, and methionine. 
For colony growth assays, HF7c transformants were pooled and 
spotted once or in fivefold serial dilutions on plates lacking leucine, 
tryptophan, methionine, and histidine and allowed to grow at 30°C 
for 3–5 d.

Glutathione S-transferase pull-down assays
GST pull-down assays were conducted essentially as described 
(Starcevic and Dell’Angelica, 2004; Sitaram et al., 2009) with slight 
buffer modifications. Briefly, GST-OCA2 fusion proteins were ex-
pressed in Escherichia coli (BL21(DE) star; Invitrogen) by induction 
with 10 μM isopropyl β-d-1-thiogalactopyranoside for 3 h at 30ºC, 
and bacterial cell lysates in 1% Triton X-100 were flash frozen and 
stored at −80ºC. MNT-1 cells (4 × 107 per pull down) were harvested 
with 0.5 mM EDTA in PBS, resuspended (2 × 107 cells/ml) in lysis 
buffer (100 mM Tris, pH 7.5, 150 mM NaCl, 1 mM MgCl2, 0.1 mM 
CaCl2, 1 mM NaF, 0.2 mM GTPγS, protease inhibitors [Roche], and 
4% NP-40), and lysed by Dounce homogenization on ice. Lysates 
were clarified by centrifugation at 20,000 × g for 15 min and pre-
cleared by incubation under rotation with 15 μl of packed glutathi-
one–Sepharose 4B beads (Amersham, GE Healthcare) for 1 h at 4ºC. 
Cleared lysates were incubated with equal quantities (20 μg) of GST-
OCA2 fusion proteins prebound to 15 μl of packed glutathione–
Sepharose beads for 1 h at 4ºC. Beads were then washed four times 
in ice-cold buffer (100 mM Tris, pH 7.5, 150 mM NaCl, 1 mM MgCl2, 
1 mM NaF, and 0.1% NP-40), resuspended in 50 μl of 2× reducing 
SDS–PAGE loading dye, and heated at 65ºC for 5 min. A 5-μl por-
tion of each sample was fractionated by SDS–PAGE (12% gels) and 
stained with Coomassie blue R-250; 45 μl of each sample was frac-
tionated by SDS–PAGE (10% gels) and analyzed by immunoblotting 
for AP-1 or AP-3 using ECL Plus enhanced chemiluminescence (GE 
Healthcare) and exposure to film. Film images were scanned and 
adjusted using Adobe Photoshop CS4, version 11.02, software and 
quantified using ImageQuant Software (GE Healthcare).

Statistical analysis
Quantification of melanin synthesis rescue was performed as fol-
lows. Transfected melan-p1 cells were identified by positive label-
ing with anti-HA antibody by immunofluorescence microscopy and 
then assessed for the presence of pigmented melanosomes by 
bright-field microscopy. Within each experiment, the percentage of 

Construction of OCA2 expression plasmids and glutathione 
S-transferase fusion proteins
The construction of pCR3/OCA2-HA containing the coding se-
quence of 3xHA-tagged, full-length human OCA2 and derivative 
constructs pCR3/OCA2-AA1, pCR3/OCA2-AA23, pCR3/OCA2-
AA12, and pCR3/OCA2-AA123 (Sitaram et  al., 2009) has been 
previously described. The pBridge plasmids containing the AP 
σ1A, σ2, or σ3A construct and the cytoplasmic domain of tyrosi-
nase (Theos et  al., 2005) and the pGADT7 plasmids containing 
fusions of mouse AP γ1, rat αC, and human δ to yeast Gal4-AD 
(Janvier et al., 2003; Chaudhuri et al., 2007) have been previously 
described. Each full-length OCA2 dileucine mutant presented 
here was constructed by site-directed mutagenesis using two-step 
PCR amplification (Higuchi et  al., 1988) with GoTaq (Promega, 
Madison, WI) and the appropriate pCR3/OCA2-HA variant as the 
template. For example, the OCA2-AA23 LL1-2 fragment was syn-
thesized by mutagenic two-step amplification of the pCR3/OCA2-
AA23 template. Mutagenized fragments were then subcloned 
into the BamHI and BsiWI sites of the appropriate pCR3/OCA2-
HA variant. The corresponding yeast three-hybrid pBridge con-
structs were made by PCR amplification of the N-terminal portion 
of the appropriate pCR3/OCA2-containing plasmid with primers 
that added a 5′ EcoRI site and 3′ SalI site. The products were sub-
cloned into the same restriction sites downstream of yeast Gal4-
BD in pBridge plasmids containing human σ1A, rat σ2, or human 
σ3A in the second transcription unit. GST-OCA2 fusion proteins 
containing full-length OCA2 N-terminal cytoplasmic domain or 
the AA23 and AA123 variants were as described (Sitaram et al., 
2009). GST fusions to OCA2 dileucine variants were generated by 
two-step PCR amplification of the coding region for the entire 173 
N-terminal cytoplasmic domain of the full-length pCR3/OCA2 
dileucine variant using primers that added a 5′ BamHI site and a 
3′ SalI site to the PCR product. The amplification products were 
then subcloned into pGEX-5X-1 (GE Healthcare, Little Chalfont, 
United Kingdom). All recombinant plasmids were verified by auto-
mated sequencing by the University of Pennsylvania Cell Center 
or the Nucleic Acid/Protein Research Core Facility at the Chil-
dren’s Hospital of Pennsylvania. Details of PCR primers, sequences, 
and conditions will be provided upon request.

Antibodies
Antibodies used were as follows: rat anti-HA 3F10 was from Roche 
Diagnostics; mouse anti-HA 16B12 and rabbit anti-HA.11 were 
from Covance Research Products (Princeton, NJ); TA99 (Mel-5) 
anti-TYRP1 was from the American Type Culture Collection 
(Manassas, VA); HMB45 anti-human PMEL was from LabVision 
(Fremont, CA); SA4 anti-AP-3δ was from Developmental Studies 
Hybridoma Bank (Iowa City, IA) and a kind gift from Victor Faundez 
(Emory University, Atlanta, GA); and anti–γ-adaptin to AP-1 was 
from BD Biosciences (San Jose, CA). Goat anti–mouse immuno-
globulin G (IgG) secondary antibodies conjugated to Alexa 488 
and Alexa 594 were from Invitrogen. Donkey anti–rat IgG antibod-
ies conjugated to DyLight 488, unconjugated donkey anti–mouse 
IgG antibodies, and donkey anti–mouse IgG antibodies conju-
gated to horseradish peroxidase or alkaline phosphatase were 
from Jackson ImmunoResearch Laboratories (West Grove, PA). 
Conjugation of Alexa 488 to monoclonal antibodies was per-
formed using a protein labeling kit from Invitrogen.

Transfections and immunofluorescence microscopy
Mouse melanocytes were seeded at 1 × 105 per well in six-well 
dishes or at 0.5 × 105 per well in 12-well dishes on coverslips coated 
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transfected cells (≥100 cells/experiment) that were positive for pig-
ment rescue was calculated. Graphs represent rescue by each con-
struct averaged over three independent experiments. Note that the 
results varied with different thaws of melan-p1 cells and different 
batches of transfection reagents; each graph represents a group of 
samples that were analyzed at the same time using the same cells 
and reagents. An initial repeated measures analysis of variance was 
performed on the matched sets, followed by Dunnett’s multiple 
comparison test to compare rescue by each mutant to rescue by 
wild-type OCA2. To quantify overlap of OCA2 dileucine mutants 
with pigment or with TYRP1, deconvolved paired images were ren-
dered binary in ImageJ (National Institutes of Health, Bethesda, 
MD) by density slicing, and the total area of overlap between them 
was calculated for objects containing >5 pixels, excluding the 
densely labeled perinuclear area. Seven to 10 cell profiles were 
quantified for each pairwise comparison. To compare colocalization 
with pigment, a one-way analysis of variance was performed on the 
unmatched sets, followed by Bonferroni’s multiple comparison test. 
To compare the colocalization of OCA2-AA23 or OCA2-AA23 E96D 
with TYRP1, we performed an unpaired two-tailed t test. All statisti-
cal analyses were performed using GraphPad Prism (GraphPad 
Software, San Diego, CA).
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