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ABSTRACT Hermansky-Pudlak Syndrome (HPS) is a set of genetically heterogeneous diseases caused by mutations in one of nine
known HPS genes. HPS patients display oculocutaneous hypopigmentation and bleeding diathesis and, depending on the disease
subtype, pulmonary ﬁbrosis, congenital nystagmus, reduced visual acuity, and platelet aggregation deﬁciency. Mouse models for all
known HPS subtypes have contributed greatly to our understanding of the disease, but many of the molecular and cellular mechanisms
underlying HPS remain unknown. Here, we characterize ocular defects in the zebraﬁsh (Danio rerio) mutant snow white (snw), which
possesses a recessive, missense mutation in hps5 (hps5I76N). Melanosome biogenesis is disrupted in snw/hps5 mutants, resulting in
hypopigmentation, a signiﬁcant decrease in the number, size, and maturity of melanosomes, and the presence of ectopic multimelanosome clusters throughout the mutant retina and choroid. snw/hps5I76N is the ﬁrst Hps5 mutation identiﬁed within the N-terminal
WD40 repeat protein–protein binding domain. Through in vitro coexpression assays, we demonstrate that Hps5I76N retains the ability
to bind its protein complex partners, Hps3 and Hps6. Furthermore, while Hps5 and Hps6 stabilize each other’s expression, this
stabilization is disrupted by Hps5I76N. The snw/hps5I76N mutant provides a valuable resource for structure–function analyses of Hps5
and enables further elucidation of the molecular and cellular mechanisms underlying HPS.

E

UKARYOTIC cells contain lysosomes, membrane-bound
organelles critical for the degradation of unneeded byproducts of a cell. Some specialized cells also contain lysosomerelated organelles (LROs), which are similar to lysosomes but
are distinct in both morphology and function. LROs include
melanosomes, found in melanocytes and the retinal pigmented epithelium (RPE), a- and d-granules in platelet
cells, and lytic granules in lymphocytes, among others. LROs
are deﬁned by having several characteristics common to the
lysosome: they also form via the endocytic/secretory pathway, they have an acidic lumenal pH, and they contain lysosomal hydrolases and membrane proteins. However, LROs
diverge from a typical lysosome in their patterns of morphogenesis, their unique contents, and their cell-speciﬁc functions. Studying their development can give insight into
unique aspects of the endocytic/secretory pathway, as well
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as the speciﬁc pathologies underlying a variety of LROrelated diseases.
Melanosomes are the organelles responsible for the synthesis and storage of eumelanin and pheomelanin pigments
within dermal melanocytes (melanophores in ﬁsh) and RPE
cells. They have been one of the more extensively studied
LROs, likely because of the ease of identifying hypopigmentation mutants (Swank et al. 1998; Huizing et al. 2008).
Melanosomes are thought to arise from coated early endosomes, subsequently undergoing four stereotypic stages of
maturation (Figure 7A) (Seiji et al. 1963a,b; see also Huizing
et al. 2008; Sitaram and Marks 2012). A stage I premelanosome is thought to form when the limiting membrane of an
early endosome invaginates, resulting in intralumenal vesicles
(ILVs) (Berson et al. 2001; Raposo et al. 2001). Pmel17,
a transmembrane glycoprotein, is then trafﬁcked inside premelanosomes where it is cleaved and initiates the formation
of ﬁbrillar striations (Theos et al. 2005a). In stage II melanosomes, these Pmel17 striations arrange into sheets, forming an internal matrix. Enzymes to catalyze melanin synthesis
are then trafﬁcked to stage II melanosomes. Melanins are
subsequently synthesized in stage III melanosomes and deposited
upon the ﬁbril striations, darkening the maturing organelle.
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By stage IV, the mature melanosome is fully pigmented. While
mature melanosomes are transported out of melanocytes into
keratinocytes, they remain permanent residents of RPE cells.
For melanin synthesis to occur, melanogenic enzymes
must be trafﬁcked from the Golgi to the developing melanosome. The most important of these enzymes are tyrosinase
(Tyr), tyrosinase-related protein 1 (Tyrp1), and tyrosinaserelated protein 2 (Tyrp2). Trafﬁcking of organelle-speciﬁc
proteins, such as these enzymes, into developing melanosomes requires precise and cell-type-speciﬁc regulation (Raposo
et al. 2001). These trafﬁcking pathways and their regulation
have become better understood through the investigation of
diseases affecting LRO biogenesis, including Chediak-Higashi
syndrome, oculocutaneous albinism, and Hermansky-Pudlak
syndrome, among others (see Sitaram and Marks 2012).
Hermansky-Pudlak syndrome (HPS) is a collection of
phenotypically related but genetically heterogeneous human
diseases all caused by defects in the synthesis, trafﬁcking, or
processing of LROs (Hermansky and Pudlak 1959). HPS is
generally characterized by oculocutaneous albinism and
bleeding diathesis and can also include pulmonary ﬁbrosis,
congenital nystagmus, reduced visual acuity, and platelet
aggregation deﬁciency, depending on the disease subtype
(Huizing et al. 2008). Nine human HPS-causing genes have
been identiﬁed, each of which corresponds to a different
HPS subtype (Oh et al. 1996; Dell’Angelica et al. 1999; Anikster
et al. 2001; Suzuki et al. 2002; Li et al. 2003; Zhang et al. 2003;
Morgan et al. 2006; Cullinane et al. 2011). Fifteen mouse mutant strains cause HPS-like phenotypes, 9 of which map to the
mouse orthologues of human HPS genes (Wei 2006). Interestingly, HPS genes are ubiquitously expressed across all tissues,
while the HPS phenotype is limited to the specialized cells
containing LROs, suggesting that disease penetrance may be
modiﬁed by the differential expression of cofactors or effector molecules (Wei 2006).
All HPS gene products identiﬁed thus far function as
subunits in one of four multi-protein complexes, the three
biogenesis of lysosome-related organelle complexes (Bloc1,
Bloc2, and Bloc3) and the adaptor protein 3 (AP3) complex.
These complexes function in trafﬁcking enzymes and precursor molecules required for melanin synthesis to the forming melanosome (Huizing et al. 2008). While these factors
are known to be critical for LRO biogenesis, their interactions and molecular functions within LROs are just beginning to be clariﬁed.
With an interest in the critical role that the RPE plays in
the development and function of the eye, we have studied
several zebraﬁsh pigmentation mutants (Ng et al. 2009;
Nuckels et al. 2009). Here, we report the cloning and characterization of another pigmentation mutant, snow white
(Stemple et al. 1996), in which we have identiﬁed a recessive, loss-of-function mutation in the Hermansky-Pudlak syndrome 5 (hps5) gene, hps5I76N. Hps5 functions in the Bloc2
complex, which also contains Hps3 and Hps6 (Zhang et al.
2003; Gautam et al. 2004), and the HPS5 gene is mutated in
Hermansky-Pudlak syndrome type 5. A mutation in any one
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of the three Bloc2 subunits results in a relatively mild form
of HPS, including partial albinism, mild nystagmus, a decrease in visual acuity, and symptoms of platelet aggregation
defects, but no defects in pulmonary function (Wei 2006).
Bloc2 is involved in the trafﬁcking of cargo, namely Tyr
and Tyrp1, likely from the trans-Golgi network to stage II
melanosomes (Helip-Wooley et al. 2005, 2007; Richmond
et al. 2005; Di Pietro et al. 2006; Setty et al. 2007). Within
Bloc2, Hps5 binds directly to Hps6, and neither have been
shown to bind directly to Hps3; it remains uncertain if an
unidentiﬁed bridging cofactor links Hps3 to Bloc2 (Figure
6B9) (Zhang et al. 2003; Di Pietro et al. 2004; Gautam et al.
2004). The I76N mutation in snow white (snw) is located in
the only functional domain described for Hps5: a conserved
N-terminal WD40 repeat, classically involved in protein–
protein binding (Stirnimann et al. 2010; Xu and Min 2011).
While this type of domain lends itself to many plausible hypotheses as to the function of a protein involved in the trafﬁcking of other proteins, the speciﬁc subcellular function of
the Hps5 WD40 repeat is unknown. Here, we report the
characterization of ocular defects in snw/hps5 mutants,
and we utilize the mutant to begin to determine how Hps5
functions within the Bloc2 complex.

Materials and Methods
Animals

Zebraﬁsh (Danio rerio) were maintained at 28.5° on a 14-h
light/10-h dark cycle. Embryos were obtained from the natural spawning of heterozygous carriers set up in pair-wise
crosses. The snwm454 allele was used in this study (Stemple
et al. 1996) and was obtained from the Zebraﬁsh International Resource Center (ZIRC). Animals were treated in accordance with University of Texas at Austin Institutional
Animal Care and Use Committee provisions.
Histology

Embryos were ﬁxed in 1% paraformaldehyde (PFA)/2.5%
gluteraldehyde/3% sucrose at 4°C overnight, washed 33 in
PBS, ﬁxed for 60 min in 1% osmium tetroxide in the dark at
4°C, washed 33 in PBS, and dehydrated (50, 70, 80, and
90% and 2 3 100% EtOH, 23 100% propylene oxide).
Embryos were gradually inﬁltrated with resin [20% Epon
812, 20% Araldyte 502, 60% dodecenylsuccinic anhydride
(DDSA), 1% DMP-30] for 1 hr in 50% propylene oxide/50%
resin and then overnight in 100% resin. Embryos were
placed in fresh 100% resin and allowed to harden in a 60°
oven for 3 days. Samples were sectioned on a Leica Ultracut
UTC ultramicrotome at 1 mm and stained with 1% toluidine
blue/1% Borax.
Melanin assay

The average amount of melanin in total ﬁsh was determined
as described (Maldonado et al. 2006). Brieﬂy, embryos were
dechorionated, pooled (n = 30 embryos/stage, three biological
replicates) in 350 ml homogenization buffer (20 mM TrisHCl,

2 mM EGTA, 1 mM PMSF), and homogenized with a 25gauge syringe. Following the addition of 500 ml, 2 M NaOH,
and 100 ml DMSO, homogenates were incubated at 27° 3 2
hr and centrifuged, and absorbance of the supernatant at
350 nm was measured on a Nanodrop spectrophotometer
(Thermo Scientiﬁc). Samples were quantiﬁed using a melanin standard curve (0–100 mg melanin, Sigma Aldrich).
Immunohistochemistry

Embryos [5 days post fertilization (dpf)] were ﬁxed in 4%
PFA overnight, sucrose-protected, embedded in OCT tissuefreezing medium (TBS, Inc.), and sectioned at 12 mm on
a Leica CM1850 cryostat. Following storage at 220°C, slides
were thawed to room temperature (RT), and sections were
circled with a PAP pen (Beckman Coulter). Sections were
rehydrated in 13 PBS/0.1% tween 20/1% DMSO (PBTD) 3
3 min and blocked in 5% normal goat serum/PBTD 3 1 hr at
RT in a humid chamber. Sections were incubated in primary
antibody overnight at 4°, washed 33 for 10 min in PBTD at
RT, and incubated in secondary antibody for 3 hr at RT in
the dark. Slides were washed in PBTD for 5 min at RT and
then stained with 1:4000 Sytox in blocking solution for
5 min at RT. Slides were washed 33 in PBTD for 10 min
at RT, mounted with Vectashield (Vector Laboratories), and
visualized on a LSM5 Pascal confocal microscope (Zeiss).
Primary antibodies included 1:100 protein kinase (PKC) (bipolar cells, Santa Cruz Biotechnology), 1:200 Zpr1 (cone cells,
ZIRC), 1:100 Zn8 (ganglion cells, ZIRC), and 1:200 Zpr3 (rod
cells, ZIRC). Secondary antibodies included 1:200 Cy3-antirabbit or 1:200 Cy5-anti-mouse (Jackson Laboratories).
In situ hybridization

Hybridizations were performed essentially as described by
Thisse and Thisse (2008) using digoxigenin-labeled antisense RNA probes. Genes were cloned from complementary
DNA (cDNA), ligated into pGEM-T-Easy, and used for probe
synthesis (cloning and probe details available upon request).
Phenylthiourea-treated embryos [26 hours post fertilization
(hpf)] from wild-type AB crosses were ﬁxed overnight in 4%
PFA at 4°, incubated in methanol (MeOH) for 15 min at
RT, and then incubated overnight in fresh MeOH at 220°.
Embryos were rehydrated for 5 min each in 75% MeOH, 25%
13 PBS/0.1% tween 20 (PBST), 50% MeOH/PBST, 25%
MeOH/PBST, and washed 43 in PBST. Tissues were digested
with 10 mg/ml proteinase K for 12 min, washed 23 in PBST,
reﬁxed in 4% PFA, washed 43 in PBST, and equilibrated
in hybridization solution (50% formamide/53 SSC/0.1%
Tween 20/5 mg/ml yeast transfer RNA/50 mg/ml heparin)
for 3–5 hr at 60°. Embryos were incubated in antisense or
sense probe (hps3, hps5, or hps6) overnight at 60°. Embryos
were sequentially washed in 50% formamide/50% 23 sodium chloride/sodium citrate/tween 20 (SSCT) (20 min at
55°), 23 SSCT (33 10 min at 37°), 0.23 SSCT (2 3 15 min
at 55°), PBST (5 min at 37°), and PBST (5 min at RT);
blocked in blocking solution (1% BSA/1% DMSO/0.3% Triton X100/0.25% Tween 20/2% normal goat serum/PBS) for

7–8 hr at RT; and incubated in 1:1000 anti-DIG antibody overnight at 4°. Embryos were washed in PBST, brieﬂy incubated
in staining buffer, and incubated in nitro blue tetrazolium/
5-Bromo-4-Chloro-3-Indolyl-Phosphatase (NBT/BCIP) in the
dark. When staining was complete, embryos were washed in
PBST and imaged.
Transmission electron microscopy

Embryos were ﬁxed in fresh 2% PFA/5% gluteraldehyde/0.1
M cacodylate at 4° overnight, stained with 2% OsO4 and 2%
iron cyanide, and microwave-embedded in a SpurrEpon
hard formulation using a BDMA accelerator (Electron Microscopy Services) via a 20, 40, 60, 80, 100, and 100%
resin/acetone inﬁltration series. Samples were cut on a Leica
Ultracut UTC ultramicrotome at a thickness of 70 nm and
visualized on a FEI Tecnai transmission electron microscope
at 31250 magniﬁcation to locate the optic nerve for reference. Images (n = 3) of the RPE just dorsal to the optic
nerve were collected from both eyes in n = 3 ﬁsh at
311,500 magniﬁcation. Images were rotated to orient the
RPE on a horizontal line. Melanosomes contained within
RPE cells in an 800- 3 600-pixel area (23 mm2) were counted
and measured using Image-Pro Plus (Media Cybernetics);
ectopic clusters of melanosomes were not included in counts.
Positional cloning

Bulked segregant analysis was performed using 96 snw
mutants and 96 wild-type sibs (Willer et al. 2005). Linkage
results positioned the snw mutation to chromosome 25
ﬂanked by simple sequence-length polymorphism markers
Z11092 and Z15260 (Knapik et al. 1998) at positions 5.1
and 15.2 cM, respectively. A critical interval likely to contain
the snw mutation was determined to be between z24330
(1/102 recombinants) and newly designed simple sequence
repeat (SSR) marker zC267N3-SSR1 (3/102 recombinants).
Within this interval, newly designed SSR markers zC117K16SSR1, zK178E8-SSR1, and zC254L20-SSR2 all showed 0/102
recombinants.
Protein modeling

Hps5 secondary and tertiary structures were predicted using
Swiss-Model’s protein structure homology-modeling server
(http://swissmodel.expasy.org/; Peitsch 1995; Arnold et al.
2006; Kiefer et al. 2009) in the automatic modeling mode.
Both the full protein (1133 residues) and the N terminus
(residues #1–370) of Hps5WT and Hps5I76N were modeled.
Structures were visualized and rotated, and residue colors
were adjusted using PyMol (http://www.pymol.org/). Quality assessment parameters were computed (see Supporting
Information, Table S1, Table S2, Table S3, and Table S4).
Morpholino knockdown

A splice-blocking morpholino oligo (MO) targeting the exon
4/intron 4 boundary of hps5 was designed (59-TGAAGGAT
TAAGAGGAATACCTGGT-39, Gene Tools) and dissolved to a
1-mM stock solution in ddH2O. A standard control morpholino
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was used as a control (control MO). Morpholino (4 ng) plus
phenol red and ﬂuorescein dextran (tracking dyes) was
injected into the yolk of one- to four-cell-stage embryos.
Embryos were allowed to recover for 24 hr. Injection efﬁciency was detected by the presence of ﬂuorescein dextran
on a ﬂuorescent microscope, and embryos with low or no
ﬂuorescence were removed. Embryos were collected at 24
and 48 hr, photographed, pooled in groups (uninjected, mild
phenotype, severe phenotype), dissociated by syringe in 0.8
ml Trizol (Invitrogen), and stored at 280°. Subsequently,
total RNA was extracted, and cDNA was synthesized using
SuperScript reverse transcriptase II (Invitrogen). PCR
analysis was performed to visualize hps5 transcript length
(Forward: 59-AGAGTTTGACTGTCTGGACCCCC-39, Reverse:
59-CCGCTCCTTATTACCCACACG-39).
Messenger RNA injections

hps5WT and hps5snw sequences were ampliﬁed via PCR from
cDNA derived from phenotypically wild-type and mutant
snw embryos using proofreading 503 Advantage 2 polymerase mix (Clontech), cloned into pGEM-T Easy vector (Promega) and subsequently subcloned into pCS10R. hps5WT and
hps5snw constructs were linearized, and messenger RNA
(mRNA) was transcribed using mMessage mMachine (Invitrogen) and puriﬁed by phenol:chloroform extraction. hps5WT
or hps5snw (4 ng) mRNA plus phenol red and ﬂuorescein
dextran was injected into the yolk of one-cell-stage embryos
resulting from snw+/2 3 snw+/2 crosses. Embryos were
allowed to recover and grow for 48 hr; injection efﬁciency
was detected by the presence of ﬂuorescein dextran on
a ﬂuorescent microscope, and embryos with low or no ﬂuorescence were removed. Remaining embryos were sorted
into three categories: light, medium, or dark oculocutaneous
pigmentation. Brightﬁeld images were taken using a dissecting
microscope; embryonic heads were subsequently processed
for TEM analysis, while tails were individually genotyped
(Forward: 59-CGTGTGGAGTCCTTTCATCGG-39, Reverse: 59CCAACAACCCCAAGTTTGTAATTG-39).
Cell culture

COS7 cells were grown in culture in 10% FBS (Atlas Biologicals)/1% penicillin/streptomycin/DMEM (Gibco) in a dedicated incubator (5% CO2, 37°) according to standard procedures
(see http://www.atcc.org, #CRL-1651).
DNA constructs

hps5WT, hps3, and hps6 were ampliﬁed via PCR from a wildtype D. rerio cDNA library using proofreading 503 Advantage 2 polymerase mix (Clontech), cloned into pGEM-T Easy,
and subcloned into cytomegalovirus promoter-containing
expression vectors (i) N-terminal 63 myc tag (a kind gift
of John Wallingford) or (ii) C-terminal 3x ﬂag tag (Sigma
E4901, a kind gift of Steve Vokes). hps5I76N was created by
site-directed mutagenesis of hps5WT (T227A) using the QuikChange Lightening kit (Agilent) according to the manufacturer’s instructions with the following primers: (Forward:
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59-ACAAAGAAGGCTCCAACACGCAGGTCTCCTG-39, Reverse:
59-CAGGAGACCTGCGTGTTGGAGCCTTCTTTGT-39).
In vitro coexpression assays

COS7 cells (1.5 3 104 per well of six-well plates) grown
overnight were transiently cotransfected with tagged hps
DNA constructs (1 mg each) using 6 ml Xtreme Gene Transfection Reagent 9 (Roche) in 100 ml OptiMem serum-free
media (Invitrogen). Transfection reactions were dripped
onto cells in 1 ml fresh full serum media and grown overnight. Media was refreshed at 24 hr and cells were harvested at 48 hr. Cells were lysed in Zhang Lysis Buffer (see
Zhang et al. 2003) supplemented with Complete Mini protease inhibitor cocktail (Roche) by pipetting and vortexing.
Protein expression in whole-cell lysate was visualized by
Western blot using a 4–12% Bis-Tris gel and transferred
onto PVDF membrane (Invitrogen NuPage system), according to manufacturer’s instructions. Blots were incubated
with three primary antibodies simultaneously: 1:2000 antiﬂag (Sigma F1804), 1:2000 anti-myc (abcam ab9106), and
1:2000 anti-GAPDH (Santa Cruz sc-166545). Fluorescenttagged secondary antibodies were utilized (1:2000 antimouse-Cy5 and 1:2000 anti-rabbit-Cy3), allowing detection
and quantiﬁcation of bands on a FluorChem Q machine
(Protein Simple, Santa Clara, CA).
In vitro co-immunoprecipitation assays

COS7 cells (7 3105 in 10-cm dish) grown overnight were
transiently cotransfected with 5 ug of tagged hps DNA constructs in pairs using 30 ml Xtreme Gene Transfection Reagent 9 (Roche) in 1 ml OptiMem serum-free media (Invitrogen)
for 5 min. Following transfection, full serum media (9 ml) was
added, and cells were grown overnight. Media were refreshed
at 24 hr and cells were harvested at 48 hr. Cells were lysed in
Zhang Lysis Buffer (see Zhang et al. 2003) supplemented with
Complete Mini protease inhibitor cocktail (Roche) by pipetting
and vortexing. Protein G magnetic Sepharose 4 Fast Flow
beads (GE Healthcare) were prepared by washing with lysis
buffer. Cell lysate was precleared with an aliquot of beads,
and 5 mg of either anti-Flag (Sigma F1804) or anti-Myc (Sigma
M4439) antibody was used to pull down tagged proteins. Pulldowns were visualized by Western blot using a 4–12% Bis-Tris
gel and transferred onto PVDF membrane (Invitrogen NuPage
system) according to the manufacturer’s instructions and as
described above. Empty vector transfections and no antibody
pull-down controls were performed (data not shown).

Results
snw mutants display oculocutaneous albinism

snw mutants display oculocutaneous hypopigmentation from
2 dpf through 7 dpf (Figure 1, A and B). snw embryos do not
inﬂate their swim bladder and die between 7 and 12 dpf. As
compared to sibling embryos, snw ﬁsh are variably microphthalmic at 2 dpf, with eye size in the mutants reaching
that of wild-type siblings by 7 dpf, and they lack iridophores

(Figure 1, A–C). Retinal morphology, lamination, and neuronal differentiation appears to be unaffected (Figure S1);
however, subtle defects could be present that were not
detected in our assays. The RPE in snw embryos appears
hypopigmented in histological sections (Figure 1, C and
D). snw mutants possess reduced pigmentation within the
RPE cell body, and mature melanosomes were rarely observed in apical processes of RPE cells, as they were in phenotypically wild-type siblings (Figure 1, D9 and D99). In snw
mutants, melanosomes were also observed in ectopic, multimelanosome clusters; these ectopic clusters were detected in
the dorsal and central RPE (Figure 1D99) throughout the
retina (Figure 2) and in the choroid (Figure 1D99). Quantiﬁcation of total melanin in wild-type embryos revealed
a steady increase from 2 to 7 dpf (Figure 1E). In contrast,
melanin levels in snw embryos were signiﬁcantly lower at all
stages; there was a slight increase from 2 to 3 dpf, at which
point levels plateaued.
Melanosome density, size, shape, and localization are
abnormal in snw mutants

To begin to elucidate the nature of the melanosome defects
in snw mutants, the ultrastructure of the RPE was examined
by TEM. TEM image analysis revealed that the density, size,
shape, and localization of melanosomes were all altered in
snw mutants (Figure 2). snw RPE cells appeared to contain
substantially fewer melanosomes as compared to siblings
(Figure 2, A–F). When quantiﬁed, the number of melanosomes in the wild-type RPE increased from 2 to 5 dpf and
then remained level (Figure 2G), paralleling the increase in
melanin (Figure 1E). In contrast, the number of melanosomes found within the snw RPE (but not including those
in ectopic clusters) was signiﬁcantly lower at all stages; an
increase from 2 to 3 dpf was observed, after which the number of melanosomes did not change (Figure 2G). Furthermore, the average circumference of snw melanosomes was
signiﬁcantly smaller than sibling melanosomes at all time
points examined (Figure 2H).
Eumelanosomes (containing eumelanin) complete the process of maturation by elongating to adopt an ellipsoid morphology; in contrast, pheomelanosomes (containing pheomelanin)
remain round (Hirose and Matsumoto 1994; Kim and Choi
1998; Nguyen et al. 2002, Navarro et al. 2008). Both round
and ellipsoid (red arrowheads) melanosomes were observed
in the RPE of wild-type embryos, with a varying range of
diameters (Figure 2, A, C, and E). Conversely, many melanosomes in the snw RPE remained immature, appearing as
unpigmented stage I or II melanosomes or partially pigmented stage III melanosomes (yellow arrowheads, Figure
2, B, D, and F). Signiﬁcantly fewer stage IV round pheomelanosomes were present in the snw RPE, and mature ellipsoid eumelanosomes were not detected. When melanosome
circumference is viewed as a frequency distribution, distinct
peaks corresponding to round and ellipsoid melanosomes
are distinguishable in phenotypically wild-type sibling embryos
(Figure 2K). However, in snw mutants, the peak corresponding

to ellipsoid melanosomes is absent. Finally, as identiﬁed in
histological sections, ectopic clusters of mislocalized multimelanosomes in snw mutants are observed in TEM images (Figure 2, I, I9, J, and J9). Ultrastructural analysis reveals that, while
some melanosomes in these clusters appear fully formed, others
appear to be immature or possibly degrading (Figure 2J9).
Positional cloning identiﬁes a mutation in hps5 as
a candidate locus underlying the snw phenotype

To identify the affected locus in snw, an SSLP-based positional cloning strategy was utilized (see Materials and Methods for details). The snw mutation was mapped to a region
of chromosome 25 between the markers z24330 and zC267N3SSR1, which bracket a 1.26-Mb interval (25:1409767 to
25:2670814) (Figure 3A). This interval was predicted to
contain 32 coding genes, and one of these, hps5, stood out
as a signiﬁcant potential candidate for underlying the snw
phenotype. HPS5 is one of nine genes underlying HermanskyPudlak syndrome in humans, the phenotype of which includes
hypopigmentation resulting from defects in melanosome biogenesis (Huizing et al. 2004). Thus, hps5 was cloned and
sequenced from wild-type siblings and snw mutants; among
11 SNPs, a missense mutation was identiﬁed at base pair
T227A. Base pairs 226–228 encode amino acid #76, an isoleucine (Ile) in wild-type embryos and an asparagine (Asn)
in snw mutants (hps5I76N, Figure 3B). I76 is conserved in
Hps5 orthologs across vertebrates (Figure 3C). The remaining 10 SNPs were found in zebraﬁsh known to be genetically
wild type at the snw locus, suggesting that they represent
nonfunctional changes (Figure S2).
The I76N mutation occurs in a predicted WD40 repeat at
the N terminus of Hps5. WD40 repeat domains typically
form a seven- or eight-bladed propeller core, where each
blade is made of three or four b-sheets (Figure 3D). D. rerio
Hps5 sequence was modeled by homology using Swiss-Model
to predict secondary and tertiary structure (Peitsch 1995;
Arnold et al. 2006; Kiefer et al. 2009). Modeling of zebraﬁsh
Hps5 resulted in a classic WD40 propeller core structure at
the N terminus (Figure 3E). The I76N residue was positioned
at the top of the propeller, outside of the predicted b-sheets,
between blades 6 and 7 (Figure 3, F and G). The opening at
the top surface of WD40 propeller cores is thought to be where
binding to other proteins occurs (Stirnimann et al. 2010; Xu
and Min 2011). Model quality estimation parameters are given
for reference (Table S1, Table S2, Table S3, and Table S4).
hps5, hps3, and hps6 are expressed in the zebraﬁsh eye

Despite the fact that only a few speciﬁc cell types are affected
in HPS patients and animal models, HPS gene products have
been found to be expressed in all tissue types examined thus
far (Wei 2006). To conﬁrm the hypothesis that hps5, hps3,
and hps6 are present in the developing zebraﬁsh embryo as
they are in mice and humans, we performed in situ hybridization on the three Bloc2 complex members. As expected, all
three are expressed throughout the zebraﬁsh, including in
the developing eye and RPE (Figure S3).
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Figure 1 snow white mutants are hypopigmented and possess melanosomal defects. (A)
snow white (snw) embryos present with oculocutaneous hypopigmentation beginning at 2
dpf and are microphthalmic: lateral and dorsal
views. (B) At 4 dpf, hypopigmentation persists
and no iridophores are apparent. (C) Histological sections through the 2 dpf snw eye (Bar, 20
nm). Dorsal is up in all histology sections. (D) At
7 dpf, the snw RPE remains less pigmented
(Bar, 100 nm). (D9 and D99) Melanosomes do
not localize in the apical processes of snw RPE
cells, as occurs in siblings. Instead, ectopic
multi-melanosome clusters are evident in snw
embryos throughout the retina and choroid. (E)
Total melanin levels in snw embryos are significantly lower than in siblings from 2 through 7
dpf (two-way ANOVA, *P , 0.05, **P , 0.001;
mean 6 SE).

Knockdown of hps5 by a morpholino antisense oligo
recapitulates the snw phenotype

To determine if Hps5 is required for normal pigmentation,
a splice-blocking morpholino designed against the hps5 exon
4/intron 4 boundary was injected into one-cell-stage wildtype embryos (Figure 4A). After 48 hr, embryos injected
with hps5 MO resembled snw mutants (Figure 4B). Embryos
injected with an equal amount of a standard control MO
developed normally. Ampliﬁcation of hps5 transcript from
embryos injected with hps5 MO revealed the inclusion of
the 84-bp intron 4 (Figure 4C), resulting in a translational
frameshift and premature stop codon (data not shown).
snw phenotype is rescued by injection of hps5WT, but
not hps5snw, mRNA

While morpholino injection data support a role for Hps5 in
regulating pigmentation, these results do not unambiguously support the hypothesis that a loss of hps5 function is
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the mechanism underlying pigmentation defects in snw mutants.
Thus, to further test this hypothesis, mRNA rescue experiments
were performed to determine if exogenous hps5WT or hps5snw
mRNA could rescue pigmentation defects in snw mutants.
Embryos derived from a snw+/- incross were injected with
either hps5WT or hps5snw mRNA and allowed to develop for
48 hr alongside uninjected controls. Embryos were then sorted
into three pigment categories (light, medium, or dark), individually genotyped for the putative T227A SNP of hps5, and
analyzed by TEM to determine the effects on melanosome
phenotype in the RPE.
Uninjected embryos categorized as “dark” and genotyped
as homozygous wild type or heterozygous for the hps5I76N
SNP displayed expected pigmentation levels, densities of
melanosomes within the RPE, and melanosome shapes and
sizes (Figure 5, A, G, H, and I). Similarly, all uninjected control embryos categorized as “light” displayed expected hypopigmentation and melanosome defects and were conﬁrmed

Figure 2 The snw RPE contains fewer, smaller, and more immature melanosomes. (A–F) TEM reveals fewer melanosomes within the snw RPE (B, D, and
F) as compared to phenotypically wild-type siblings (A, C, and E) throughout development (Bar, 1 mm). Red arrowheads indicate mature ellipsoid
melanosomes; yellow arrowheads indicate immature melanosomes. (G) The average number of melanosomes in a 23-mm2 area of the RPE is significantly lower in snw embryos from 2 through 7 dpf (two-way ANOVA, **P , 0.001; mean 6 SE). (H) The average circumference of snw melanosomes is
also signiﬁcantly smaller (two-way ANOVA, **P , 0.001; mean 6 SE). (I and J) At 7 dpf, melanosomes mislocalize in ectopic clusters within the RPE (I
and I9) and retina of snw mutants (J and J9). (K) The distribution of melanosome circumference is shifted toward smaller sizes in snw RPE as compared to
siblings, and mature ellipsoid eumelanosomes are not observed. Images of round and ellipsoid melanosomes corresponding to size peaks in the graph
are shown as an example; they are not to scale.

as homozygous hps5I76N mutants (Figure 5, B, G, H, and I).
Injection of hps5WT into homozygous wild-type or heterozygous embryos did not alter normal melanosome development, indicating that there was no overexpression phenotype
(Figure 5, C, H, and I). Injection of hps5WT into homozygous
mutant embryos, however, resulted in a substantial rescue in
overall pigmentation of whole embryos and restored melanosome density, size, and shape to normal levels (Figure 5, D, H,
and I). Mature ellipsoid eumelanosomes were observed in
hsp5WT-injected mutant embryos (Figure 5D, red arrowheads).
Injection of hps5snw into homozygous wild-type or heterozygous embryos did not result in any changes in pigmentation
or melanosome phenotype (Figure 5, E, H, and I). Injection of
hps5snw into mutant ﬁsh did not rescue pigmentation and had
little effect on melanosome formation (Figure 5, F, H, and I).

These data support a model in which hps5I76N underlies the
snw phenotype and suggest that the WD40 domain of hps5 is
required for normal melanosome biogenesis.
Hps5I76N binds to both Hps6 and Hps3 in vitro

Hps5 is known to function within the Bloc2 complex (Zhang
et al. 2003). A parsimonious hypothesis to explain the deleterious effects of hps5I76N would be that the I76N mutation
in the predicted WD40 domain prevents Hps5 from binding
to Bloc2 complex partners, Hps3, and/or Hps6. We tested this
hypothesis by transiently cotransfecting zebraﬁsh hps3, hps6,
hps5WT, hps5I76N, and/or empty vector DNA constructs in
pairwise combinations into COS7 cells to determine the effect
of the mutation on the ability of Hps5 to interact with its
complex partners in vitro. Co-immunoprecipitation pull-down
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Figure 3 hps5 is a candidate gene for the snow white locus. (A) Linkage mapping identiﬁed a 1.3-Mb region of chromosome 25 that contains the snw
locus. Red numbers are number of recombination events/total embryos. (B) A candidate gene in this region, hps5, was sequenced and revealed
a missense mutation in snw mutants, T227A (I76N). (C) Ile 76 resides in the predicted WD40 domain of Hps5 and is conserved across vertebrates.
(D) The crystal structure of a classic WD40 repeat domain is a seven-bladed propeller, where each blade is made up of three to four b-sheets (adapted
from Pickles et al. 2002). (E) The modeled protein structure of amino acids #31–358 of D. rerio Hps5. A seven-bladed propeller made up of b-sheets is
predicted by sequence homology. The N terminus is in red, C terminus is in blue, and propeller blades are labeled #1–7 according to convention. Residue
#76 is highlighted in teal and resides between blades #6 and #7 (arrow). (F) Side view of the D. rerio predicted Hps5 structure shown in E. Residue #76 is
located on the top of the propeller core, outside of the b-sheets (teal arrow). (G) Zoomed-in view of F; residue I76N is highlighted by teal arrow; blades
#5–7 are labeled for reference.

assays demonstrated that Hps5WT and Hps5I76N were each able
to pull down Hps6 and Hps3 in an in vitro culture system (Figure S4). These data demonstrate that the I76N mutation does
not prevent Hps5 from binding to these two complex partners.
Hps5WT expression is stabilized by Hps6,
while Hps5I76N is not

Because Hps5I76N was able to co-immunoprecipitate with both
Hps6 and Hps3 under the given in vitro conditions, we tested
the complementary hypothesis that hps5I76N expression instead affects the overall stability or expression level of either
itself or other components within the Bloc2 complex. cDNA
constructs encoding zebraﬁsh hps3, hps6, hps5WT, hps5I76N,
and/or empty vector were again transiently cotransfected in
pairwise combinations into COS7 cells, this time to determine
the effect of the hps5I76N mutation on in vitro levels of expression (Figure 6). Expression levels were quantiﬁed from ﬂuorescent Western blots (Figure 6A) and graphed for comparison
and statistical analysis (Figure 6, B, C, and D).
When cotransfected with empty ﬂag vector, Hps5WT and
Hps5I76N were detected at similar levels; the I76N mutation
did not signiﬁcantly alter Hps5 levels, in vitro (Figure 6, A
and B). Similarly, the levels of Hps5WT and Hps5I76N were
not signiﬁcantly different from each other when coexpressed
with Hps3, nor were they altered from coexpression levels
with empty vector. However, Hps5WT levels were nearly
double those of Hps5I76N when each was coexpressed with
Hps6. Thus, it appears that Hps5WT expression is stabilized
by the presence of Hps6 and in a way that Hps5I76N is not.
Hps6 expression is stabilized by Hps5WT,
but not by Hps5I76N

Expression levels of Bloc2 complex members Hps6 and Hps3
were also examined to determine if Hps5I76N affected the
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levels of its binding partners. Hps6 levels were signiﬁcantly
higher when coexpressed with Hps5WT, as compared to
Hps6 levels when coexpressed with Hps5I76N (Figure 6, A
and C). In contrast, Hps3 levels remained unchanged when
coexpressed with either version of Hps5 (Figure 6, A and D).
These data indicate that, while the I76N mutation does not
prevent the ability of Hps5 to interact with Hps6 or Hps3, it
does decrease the stability of the Hps5–Hps6 interaction
in vitro.

Discussion
Melanosome maturation is disrupted in
snw/hps5 mutants

Here, we report identiﬁcation of the ﬁrst zebraﬁsh model of
Hermansky-Pudlak syndrome to date, snow white, which contains a missense mutation in the predicted WD40 domain at
the N terminus of Hps5. snw/hps5 mutants display oculocutaneous hypopigmentation, resulting from decreased total levels
of melanin, and melanosome defects characterized by signiﬁcantly reduced numbers, smaller sizes, and immaturity (Figure
1). Mutants possess an increase in early stage melanosomes,
with a substantial reduction in the number of mature stage IV
melanosomes (Figure 2). Moreover, ectopic multi-melanosome
clusters were detected throughout snw/hps5 mutant eyes, further indication of defects in melanosome biogenesis.
Defects in snw/hps5 mutants are nearly identical to those
observed in mouse Hps5 mutants and human HPS5 patients
(Nguyen et al. 2002; Zhang et al. 2003; Gautam et al. 2004;
Huizing et al. 2004; Korswagen et al. 2008; Hirobe et al.
2011). In the mouse model of Hps5 (ruby-eye 2), ellipsoid
eumelanosomes are also absent (Nguyen et al. 2002). Moreover, multi-melanosomes are detected in the choroid of mice

Figure 4 Morpholino knockdown of hps5 phenocopies snw. (A) The predicted genomic organization of hps5 (red bars) covers 43.98 kb on the
reverse strand of chromosome 25 (oriented in the
forward direction). A splice-blocking antisense MO
targeting hps5 at the exon 4/intron 4 boundary
(green bar) results in the inclusion of intron 4 in
the hps5 transcript, a frameshift, and a premature
stop codon. (B) Wild-type zebraﬁsh injected with
hps5 MO phenocopy snw embryos, displaying oculocutaneous hypopigmentation and microphthalmia at 48 hpf. (C) The hps5 transcript has
incorporated the 84-bp intron 4 as a result of
hps5 MO injection, demonstrated by RT-PCR. Lane
1, uninjected; lanes 2–4, three unique replicates of
hps5 MO-injected pools of embryos.

possessing mutations in the genes encoding any of the three
Bloc2 subunits (Zhang et al. 2003; Gautam et al. 2004).
Interestingly, multi-melanosomes are restricted to Bloc2
mutants; they are not detected in animals with mutations
in the genes encoding Bloc1, Bloc3, or AP3 subunits (Zhang
et al. 2003; Dell’Angelica 2004; Wei 2006). While giant or
macromelanosomes have been seen in other HPS mouse
models (e.g., Hps1 and Hps4), these structures are quite different from the multi-melanosomes described here and in
other Bloc2 mutants and are presumably produced by a different cellular mechanism (Gardner et al. 1997; Horikawa et al.
2000; Suzuki et al. 2002). Not found in mammals, iridophores
are pigment cells containing crystallized purines, likely guanine, which stack into plates and reﬂect light (Fujii 2000). The
biochemical and molecular underpinnings of iridophore formation and pigmentation are not well understood; however, it
is possible that the iridophore defects observed in hps5I76N
embryos reﬂect a role for Hps5 in this process.
hps5I76N underlies the snw phenotype

Positional cloning identiﬁed hps5 as a candidate underlying
the snow white phenotype (Figure 3), and a missense mutation, I76N, was found within the predicted N-terminal WD40
repeat domain of Hps5 in snw embryos. hps5WT injection into
snw embryos rescued overall RPE pigmentation, melanosome
size, density, maturation, and shape, while injection of hps5snw
did not rescue pigmentation or melanosome formation. Additionally, overexpression of hps5 in phenotypically wild-type
embryos did not result in hyperpigmentation. Thus, while
we cannot rule out the possibility that hps5WT overexpression
acts epistatically to the mutation in snw, the more parsimonious explanation for these data is that they support a model in
which hps5I76N is the mutation underlying pigmentation
defects observed in snw mutants.
hps5I76N is the ﬁrst nontruncation mutation
characterized in the hps5 WD40 domain

Mutations in HPS5 have been identiﬁed in human HPS
patients (Zhang et al. 2003; Huizing et al. 2004; Korswagen
et al. 2008; Carmona-Rivera et al. 2011), and several mutant
alleles exist in mouse (ruby-eye 2, Nguyen et al. 2002; Zhang

et al. 2003; Hirobe et al. 2011) and in Drosophila (pink,
Falcón -Perez et al. 2007; Syrzycka et al. 2007). Importantly,
almost all of the characterized mutations in mouse or Drosophila result in a frameshift and premature truncation of
Hps5. The only two exceptions, to our knowledge, are two
ENU-induced recessive mutations in mouse, ru2Btlr and
ru22Btlr (Hirobe et al. 2011). These each result in a transition
and transversion mutation, respectively, located towards the
C terminus of Hps5 and outside of the predicted WD40 repeat. While deletion mutants have been useful thus far in
characterizing the functions of Hps5 in pigmentation and
melanosome biogenesis in mouse and Drosophila, they do
not allow a mechanistic biochemical analysis of Bloc2 complex formation or function. Here, we begin to investigate this
question and reveal that at least part of the WD40 domain of
Hps5 is required for stabilization of the interaction between
Hps5 and Hps6. The I76N mutation identiﬁed here in snw
represents a unique in vivo model through which structure–
function analyses of Hps5 can now be performed.
Hps5/Hps6 interaction is destabilized by I76N

WD40 protein domains are characterized by a seven- or
eight-bladed propeller core, where each blade is made up of
b-sheets (Smith et al. 1999; Stirnimann et al. 2010; Xu and
Min 2011). The core has a top surface, characterized by
a narrow opening, and a second, wider opening at the bottom surface. It is thought that the top surface of the core is
primarily the functional part of the WD40 domain, where
protein–protein binding occurs (Smith et al. 1999; Stirnimann et al. 2010; Xu and Min 2011). Modeling the tertiary
structure of D. rerio Hps5 revealed a predicted propeller core
(Figure 3). Isoleucine 76 was predicted to localize to the top
of the propeller, presumably where Hps5 interacts with other
proteins. This is consistent with a model in which Hps5 interactions with its Bloc2 partners (Hps3, Hps6) might be prevented by the I76N mutation; however, data from in vitro
co-immunoprecipitation assays demonstrated that at least
some binding occurs (Figure S4).
A second hypothesis was thus tested: perhaps the expression of Bloc2 subunits would be affected by the I76N mutation.
Through yeast two-hybrid studies, it is known that Hps5 and
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Figure 5 hps5WT, but not hps5snw, rescues the snw phenotype. (A and B) Pigmentation and melanosome phenotype in uninjected control wild-type
sibling and mutant embryos derived from snw+/- incrosses. Labels follow the convention type of mRNA injected (embryonic genotype). (C) Wild-type
embryos (+/+) injected with hps5WT mRNA demonstrate that exogenous hps5 does not alter melanosome phenotype. (D) snw embryos (2/2) injected
with hps5WT mRNA show marked rescue of hypopigmentation levels; examination of RPE ultrastructure by TEM highlights a rescue of melanosome
formation, including the presence of mature ellipsoid eumelanosomes (red arrowheads). (E) hps5snw mRNA does not lead to a phenotype when injected
in wild-type embryos (+/+). (F) snw embryos (2/2) injected with hps5snw mRNA show little effect on overall pigmentation or melanosome formation as
compared to uninjected mutant controls. (G) At 48 hpf, zebraﬁsh injected with hps5WT or hps5snw mRNA, as well as uninjected control embryos, were
visually sorted into three pigmentation categories—light, medium, and dark—and individually genotyped. (H) The average number of melanosomes was
signiﬁcantly lower in uninjected snw-/- embryos (B) and snw-/- embryos injected with hps5mut mRNA (F) when compared to uninjected wild-type controls
(A) (*P , 0.01, one-way ANOVA and post-hoc Dunnett’s multiple comparison test). Injection of hps5WT mRNA into snw-/- embryos rescued melanosome
number (D). Labels A–F in the bar graphs in H and I refer to the samples shown in panels A–F (n = 3 embryos per condition, six eyes). (I) Average
melanosome circumference in snw -/- embryos injected with hps5WT mRNA was also rescued to wild-type levels (D); this rescue did not occur with
injected hps5mut mRNA (F) (**P , 0.001).

Hps6 bind directly to one another (Zhang et al. 2003; Gautam
et al. 2004). Interestingly, the levels of both Hps5WT and Hps6
in COS7 cells were signiﬁcantly increased by the presence of
the other protein (Figure 6). In contrast, Hps5I76N and Hps6
were not able to stabilize each other, despite the fact that they
co-immunoprecipitated in a complex (Figure S4). The change
from the nonpolar, strongly hydrophobic isoleucine (I) to the
polar amide asparagine (N) at position #76 could alter the
conformation or the interaction between the complex, leading
to a more transient Hps5/Hps6 association. Furthermore, although Hps5I76N can still bind to Hps6 and allow co-immunoprecipitation, perhaps the integrity of the complex is altered
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such that it is now susceptible to degradation. In summary,
these data are consistent with the hypothesis that the interaction between these proteins (and/or additional proteins) is
mediated by the WD40 repeat of Hps5 and is necessary for
Bloc2 stability.
Protein transport to the developing melanosome may
be disrupted in hps5I76N mutants

Maturation of the developing melanosome follows stereotypical stages, beginning with the formation of ILVs via
invagination of the coated endosome limiting membrane; in
mammals, these vesicles then mediate formation of ﬁbrillar

Figure 6 Stabilization of expression resulting from Hps5/Hps6 cotransfection is disrupted by Hps5I76N. (A) COS7 cells were transiently cotransfected
with Hps5WT (lanes 1, 2, and 3) or Hps5I76N (lanes 4, 5, and 6) as well as one of the following: Hps6 (lanes 1 and 4), Hps3 (lanes 2 and 5), or empty ﬂag
vector (lanes 3 and 6). On a ﬂuorescent Western blot, Cy3-conjugated secondary antibody detects Hps5 in lanes 1–6 (green), and Cy5-conjugated
secondary antibody detects Hps6 in lanes 1 and 4 and Hps3 in lanes 2 and 5, as well as GAPDH doublet loading control bands (red). (B) Quantiﬁcation of
Hps5 expression in A; dots represent n = 3 replicates normalized to Hps5WT/empty vector control (lane 3), mean 6 SE. All expression values were initially
background corrected and normalized to GAPDH-loading controls. Expression of Hps5WT is signiﬁcantly increased when coexpressed with Hps6 (lane 1,
**P , 0.001, one-way ANOVA and post-hoc Bonferroni multiple comparison tests), as compared to coexpression with either Hps3 or empty ﬂag vector
(lanes 2 or 3). In contrast, levels of Hps5I76N are not signiﬁcantly different upon coexpression with either Hps6 or Hps3, as compared to coexpression
with empty ﬂag vector (lanes 4, 5, or 6). (B9) Within Bloc2, Hps5 has been shown to bind directly to Hps6 and possibly indirectly to Hps3 (Zhang et al.
2003; Gautam et al. 2004). (C) Expression of Hps6 is signiﬁcantly increased when coexpressed with Hps5WT (lane 1, *P = 0.02, t-test), as compared to
coexpression with Hps5I76N (lane 4). (D) Expression of Hps3 is not signiﬁcantly different if coexpressed with either Hps5WT (lane 2) or Hps5I76N (lane 5, t-test).

striations enriched with Pmel17 (Figure 7A) (Berson et al.
2001; Raposo et al. 2001; Marks and Seabra 2001). Pmel17
and the melanosomal matrix subsequently facilitate melanin
synthesis. Following classic studies in mammalian melanocytes (Seiji et al. 1963a,b), early ultrastructural studies of the
goldﬁsh eye produced data describing melanosome maturation (Turner et al. 1975; Abramowitz et al. 1977; Kajishima
and Takeuchi 1977). Interestingly, while many components of
this pathway appear to be conserved across vertebrates, it has
been noted that ﬁbrillar striations do not develop in ﬁsh;
instead, ILVs appear to remain intact inside the developing
melanosome, acting as a substrate for melanin deposition
themselves (Figure 7, B and C) (Navarro et al. 2008).
The synthesis of melanin pigments within the melanosome
requires the highly regulated trafﬁcking of speciﬁc precursor
molecules and catalytic enyzmes to the developing organelle.
For example, transport of the tyrosinase family of enzymes
(Tyr, Tyrp1, and Tyrp2 most commonly) from the Golgi into
vesicles and onward to maturing melanosomes requires the
function of AP1, AP3, Bloc1, and Bloc2 (for review, see
Huizing et al. 2008; Sitaram and Marks 2012). It is currently
thought that Bloc1/Bloc2 and Bloc1/AP3 function in parallel
Tyrp1 trafﬁcking pathways, while Bloc1/AP1 and Bloc2/AP3
mediate parallel Tyr pathways (Figure 7D) (Sitaram and
Marks 2012; Bultema and Di Pietro 2013). However, many
of the speciﬁc molecular interactions between these Bloc trafﬁcking complexes, their cargo, and downstream fusion events
to the developing melanosome remain unclear.
Indeed, the mechanisms by which Hps5 and Bloc2 function
during melanosome formation and melanogenesis are unknown, as is true for almost all HPS proteins. Current data

suggest that Bloc1 is involved in the sorting and budding of
Tyr- and Tyrp1-containing vesicles from the trans-Golgi network, while Bloc2 may be involved in targeting or mediating
fusion between small vesicles containing Tyr and/or Tyrp1 in
the forming melanosome (Figure 7D) (Wei 2006; Di Pietro
et al. 2006; Helip-Wooley et al. 2007; Setty et al. 2007; Huizing
et al. 2008; Sitaram and Marks 2012). Interestingly, eumelanin
production requires Tyr, Tyrp1, and Tyrp2, while pheomelanogenesis requires only Tyr (Prota et al. 1995). Although untested, our data are consistent with the hypothesis that, in
the snw/hps5I76N mutant, reduced Bloc2-dependent transport
of Tyrp1 inhibits eumelanosome biogenesis (Figure 7D).
Using the zebraﬁsh to study HPS and LRO biogenesis

Zebraﬁsh are an excellent model system to investigate the
molecular underpinnings of Hermansky-Pudlak syndrome and
elucidate the biology of LROs. Pigment is ﬁrst observed in the
embryo at 24 hpf, and hypopigmentation mutants are easily
identiﬁed soon thereafter. To this end, several zebraﬁsh
mutants, including fading vision (fdv; pmel17), fade out (fad;
unknown locus), platinum (plt; vps11), vps18, and leberknodel
(lbk; vps39), have already been characterized for LRO dysfunction; Pmel17 is critical for melanosome formation, as described
above, and vps11, vps18, and vps39 are part of the HOPS
complex required for vesicle fusion and tethering (Schonthaler
et al. 2005, 2008; Bahadori et al. 2006; Maldonado et al. 2006;
Thomas et al. 2011; see Navarro et al. 2008 for review). Given
the ability to perform forward genetic screens in zebraﬁsh,
the relative ease of cloning mutations from these screens
(Bibliowicz et al. 2011; Gestri et al. 2012; Obholzer et al. 2012),
and the ability to generate targeted mutations (Cade et al.
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Figure 7 Models of melanosome biogenesis. (A)
Stereotypical stages of mammalian melanosome
biogenesis. (B) Historical model of melanosome formation in goldﬁsh based on EM data (adapted from
Turner et al. 1975). (C) TEM image of melanosomes
in a wild-type zebraﬁsh RPE demonstrates that pigment deposition does not occur on ﬁbrous striations
as it does in mammals, but instead appears to collect
outside internal vesicles. (D) Predicted function(s) of
HPS complexes in trafﬁcking Tyr and Tyrp1 to developing melanosomes (see Sitaram and Marks
2012 for review, but based on Seiji et al. 1963a,b;
Raposo et al. 2001; Theos et al. 2005b; Di Pietro
et al. 2006; Helip-Wooley et al. 2007; Setty et al.
2007; Huizing et al. 2008; Bultema et al. 2012).
Bloc2-dependent transport of Tyr and/or Tyrp1 is
possibly inhibited by hps5I76N at the indicated stages
of melanosome development.

2012; Dahlem et al. 2012; Moore et al. 2012; Blackburn et al.
2013; Hwang et al. 2013), the identiﬁcation and generation of
additional zebraﬁsh models of human albinism disorders should
provide a promising complement through which the molecular
and cellular underpinnings of these disorders can be elucidated.
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Figure S1 Retinal cell differentiation appears largely normal in snw embryos. (A-D) snw embryos at 5 dpf show typical expression of various
retinal cell markers (blue) throughout the retina; images are counterstained with the nuclear stain, Sytox (green). (A) Ganglion cells were
stained with the Zn8 antibody, (B) rod cells were stained with anti-Zpr3, (C) bipolar cells were stained with anti-PKC, and (D) cone cells were
stained with anti-Zpr1.
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Figure S2 Danio rerio hps5 sequence. (A) hps5 was cloned from both wild-type and snw embryos and aligned for comparison. Eleven single
nucleotide polymorphisms (SNPs) were detected in the snw sequence when compared to the predicted Hps5 Zv9 sequence, highlighted by pink
squares. Ten of these SNPs were eliminated as being the causative snw mutation as they were detected in wild-type AB strain adult zebrafish.
(B) The amino acid sequence changes and corresponding nucleotide sequence changes are given, along with position numbers for reference.
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Figure S3 Bloc2 complex members are expressed in the developing zebrafish eye. in situ hybridization in 26hpf wild-type zebrafish embryos
demonstrates that (A) hps5, (B) hps3, and (C) hps6 are all expressed in the developing zebrafish embryo. The retinal pigmented epithelial (RPE)
cell layer is identified by white arrows. Sense controls showed non-specific, background stain.
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Figure S4 Both Hps5WT and Hps5I76N bind to Hps6 and Hps3 in vitro. (A) COS7 cells were transiently co-transfected with Hps5WT/empty vector,
Hps5I76N/Hps6, or Hps5WT/Hps6 (lanes 1, 2, 3). Whole cell lysates were subjected to co-immunoprecipitation with flag antisera (IP:anti-flag,
lanes 4, 5, 6). Western blots were detected with the antibodies indicated to the left (WB). Hps6 co-precipitates both Hps5WT and Hps5I76N
individually (lanes 5, 6). (B) COS7 cells were transiently co-transfected with Hps5WT/Hps3, Hps5I76N/Hps3, or Hps5WT/empty vector (lanes 1, 2,
3). Whole cell lysates were subjected to co-immunoprecipitation with anti-myc antisera (IP:anti-myc, lanes 4, 5, 6). Western blots were
detected with the antibodies indicated to the left (WB). Both Hps5 WT and Hps5I76N co-precipitate Hps3 (lanes 4, 5).
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Table S1 Hps5WT protein modeling parameters from SwissModel of entire protein (residues #1-1133)
Residues

Sequence identity

E-score

31-152

22.0%

73-189

31-358

6 SI

2.0E-7

Q-MEAN4 raw
score
0.480

Q-MEAN4 Zscore
-3.34

ANOLEA score at
#76
~ +1

GROMOS score at
#76
~ +20

17.4%

2.7E-6

0.407

-3.89

~ +4

~ +10

12.6%

1.4E-6

0.208

-8.99

~ +130

~ +10
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Table S2 Hps5WT protein modeling parameters from SwissModel of N-terminus (residues #1-370).
Residues

Sequence identity

E-score

30-103

21.6%

4.6E-19

Q-MEAN4 raw
score
0.667

J. Gross et al.

Q-MEAN4 Zscore
-0.736

ANOLEA score at
#76
-5

GROMOS score at
#76
+10
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Table S3 Hps5I76N protein modeling parameters from SwissModel of entire protein (residues #1-1133)
Residues

Sequence identity

E-score

31-152

22.0%

73-189

30-358
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1.9E-7

Q-MEAN4 raw
score
0.478

Q-MEAN4 Zscore
-3.36

ANOLEA score at
#76
~ -3

GROMOS score at
#76
~ -180

17.4%

2.6E-6

0.418

-3.78

~ +2

~ -150

14.5%

3.2E-6

0.284

-7.82

~ +4

~ -40
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Table S4 Hps5I76N protein modeling parameters from SwissModel of N-terminus (residues #1-370).
Residues

Sequence identity

E-score

30 to 104

19.5%

3.2E-24

Q-MEAN4 raw
score
0.584

J. Gross et al.

Q-MEAN4 Zscore
-1.27

ANOLEA score at
#76
~ -2.5

GROMOS score at
#76
~ -160
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