The mouse organellar biogenesis mutant buff results
from a mutation in Vps33a, a homologue of yeast
vps33 and Drosophila carnation
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In the mouse, more than 16 loci are associated with mutant
phenotypes that include defective pigmentation, aberrant target-
ing of lysosomal enzymes, prolonged bleeding, and immunodefi-
ciency, the result of defective biogenesis of cytoplasmic organelles:
melanosomes, lysosomes, and various storage granules. Many of
these mouse mutants are homologous to the human Hermansky-
Pudlak syndrome (HPS), Chediak-Higashi syndrome, and Griscelli
syndrome. We have mapped and positionally cloned one of these
mouse loci, buff (bf), which has a mutant phenotype similar to that
of human HPS. Mouse bf results from a mutation in Vps33a and
thus is homologous to the yeast vacuolar protein-sorting mutant
vps33 and Drosophila carnation (car). This is the first found defect
of the class C vacuole/prevacuole-associated target soluble N-
ethylmaleimide-sensitive factor attachment protein receptor (t-
SNARE) complex in mammals and the first mammalian mutant
found that is directly homologous to a vps mutation of yeast.
VPS33A thus is a good candidate gene for a previously uncharac-
terized form of human HPS.

H ermansky-Pudlak syndrome (HPS) is a disorder of or-
ganelle biogenesis in which oculocutaneous albinism, bleed-
ing, and in most cases pulmonary fibrosis result from defects of
melanosomes, platelet-dense granules, and lysosomes (1-4).
Somewhat similar disorders, Chediak-Higashi and Griscelli syn-
dromes, are additionally associated with severe immunodefi-
ciency (2, 3). Important clues to the pathogenesis of these
disorders have come from the mouse, in which >16 loci have
been associated with mutant phenotypes similar to those of
human HPS, Chediak-Higashi syndrome, and Griscelli syn-
drome (5, 6). Several of these genes have been identified recently
and in a number of cases have been shown to result in homol-
ogous disorders in mice and humans (2-4). Although the
functions of many of the corresponding gene products remain
unknown, several are involved in various aspects of trafficking
proteins to nascent organelles, particularly melanosomes, lyso-
somes, and cytoplasmic granules. In the yeast, >65 proteins have
been implicated in biogenesis of the cytoplasmic vacuole, in-
cluding the products of >40 vacuolar protein-sorting (vps) loci
required for trafficking newly synthesized proteins from the late
Golgi/trans-Golgi network to the vacuole (7, 8). It seems likely
that at least as many proteins are associated with organellar
biogenesis in mammals.

We have mapped and positionally cloned the mouse buff (bf)
locus, which is characterized by recessive coat-color hypopig-
mentation and mild platelet-storage pool deficiency but has little
if any effect on lysosomal function. We find that mouse bf results
from a missense substitution in Vps33a, a homologue of yeast
vps33. The bf mutation results in defective melanosome mor-
phology and melanogenesis both in vivo and in vitro. Expression
of wild-type Vps33a in transfected mouse bf-mutant melanocytes
complements this aberrant phenotype, whereas expression of
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bf-mutant Vps33a does not. These results establish murine bf as
a murine homologue to the yeast vps33 mutant and suggest
VPS33A as a candidate gene for some cases of human HPS.

Materials and Methods

Mice and Backcross. Mice carrying the spontaneous mutation bf on
the C57BL/6J strain were obtained from The Jackson Labora-
tory and were subsequently bred at Roswell Park Cancer Insti-
tute. C57BL/6J bf/bf mice were crossed with the inbred, wild-
derived Mus musculus musculus (PWK) inbred strain to obtain
a high degree of polymorphism for molecular markers (9). A
high-resolution genetic map of the bf critical region was gener-
ated by performing an interspecific cross between the bf/bf and
PWK mice. At 6 weeks, 1,167 backcross progeny were typed for
coat color and molecular markers by using microsatellite mark-
ers D5Mit188 and D5Mit212, which flank bf proximally and
distally, respectively. Informative mice were typed for 20 mark-
ers between D5Mit188 and D5Mit212.

Phenotypic Analyses. Electron microscopy of mouse eyes (10),
assays of platelet morphology and function (11), and assays of
kidney and urine B-glucuronidase and B-galactosidase (12) were
carried out as described. Platelet aggregation was determined by
the impedance method in whole blood in response to 1 ug/ml
collagen in bf/bf and C57BL/6J mice (11). ATP release was
determined by luminescence methods.

Mutation Analyses. Overlapping amplicons spanning the coding
regions of the mouse Vps33a, Rnp24, and Atp6v0a2 genes and the
murine homologues of human FLJ12975 and FLJ22471 were
designed and used for RT-PCR amplification from mRNA of
C57BL/6J and bf/bf mice. Kidney mRNA was prepared by using
the RNeasy mini kit (Qiagen, Valencia, CA), and reverse
transcription of total RNA was performed by using oligo dT
primer and SuperScript II reverse transcriptase (GIBCO/BRL).
Amplicons were screened for mutations by single-stranded con-
formational polymorphism/heteroduplex analysis (13), and a
Vps33a amplicon, which showed an aberrant pattern, was ream-
plified and sequenced directly.

To screen for VPS334 mutations in human HPS patients,
primers derived from intervening and noncoding sequences
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Phenotype of bf-mutant mice. (A) Coat-color hypopigmentation in adult bf/bf versus C57BL/6J mice. (B) Reduced size and number of melanosomes in

the eyes of bf/bf (Lower) versus wild-type C57BL/6J (Upper) mice. The dotted lines represent demarcation between retinal pigment epithelium (above) and
choroid (below). (Scale bar, 2 um.) (C) Reduced collagen-mediated platelet aggregation (solid line) and dense granule ATP secretion (dotted line) in bf/bf versus

C57BL/6J mice. The arrows indicate the time of addition of collagen.

adjacent to the 13 genomic exons were used to amplify PCR
products from genomic DNA of 26 HPS patients who lacked
mutations in the HPS1, HPS2 (AP3BI), HPS3, and HPS4 loci.
VPS334 amplicons were screened for mutations by single-
stranded conformational polymorphism/heteroduplex analysis
(13), and the one amplicon containing the Ile-256 — Leu variant
was screened in DNA of 27 unrelated Puerto Rican controls.

Expression Plasmid Construction, Cell Culture, and Transformation. To
construct Vps33a and Vps33a® expression plasmids, we first
prepared full-length wild-type and Asp-251 — Glu mouse
Vps33a cDNAs by nested RT-PCR using C57BL/6J and bf/bf
mouse kidney cDNA, respectively, as described above and initial
primers 5'-CGGGTGCCCGGGCAAGATG-3'/5'-GTGGT-
GACCTGTCACGTCTC-3" and secondary primers 5'-GAC-
TAGTGCCCCATGGCGGCGCACCTGTCGTACGG-3'

(containing an Spel linker)/5-CCGCTCGAGGTGGTGAC-
CTGTCACGTCTCCTCCGA-3' (containing an Xhol linker).
The amplified cDNA fragments were cloned in pCR2.1 (Invitro-
gen) and sequenced to verify accuracy. The Vps33a and Vps33a®f
cDNAs were subcloned in-frame in the Kpnl and Xhol sites of
GATEWAY pENTR3C (Invitrogen). The cDNAs then were
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transferred via site-specific recombination into pDEST26 (In-
vitrogen) and subsequently into the SnaBI and EcoRYV sites of
pIREShyg2 (CLONTECH).

Wild-type Melan-a (14) and Melan-bf (15) mouse melano-
cytes were cultured as described (10). Melan-bf cells were
transfected with pIREShyg2-mVps33a, pIREShyg2-mVps33a®,
and pIREShyg2 by using FuGENE 6 transfection reagent
(Roche Diagnostics, Basel), and stably transformed cell lines
were selected in medium containing 300 ug/ml hygromycin B
(Invitrogen).

Results

Characterization of the bf-Mutant Phenotype. bf arose spontane-
ously in mice of the C57BL/6J strain (16) and is represented by
a single mutant allele. Homozygous bf/bf mice exhibit reduced
coat-color pigmentation (Fig. 14). Lysosomal enzyme activities
have been reported to be increased in kidneys of bf mice (17),
although we have not been able to confirm these findings (see
below). To characterize the bf phenotype further, we carried out
electron microscopy of the eyes of bf/bf and C57BL/6J mice. As
shown in Fig. 1B, melanosomes are markedly reduced in both
size and number in the retinal pigment epithelium and choroid
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Fig. 2. Complementation of bf-mutant mouse melanocytes by Vps33a. Bright-field microscopy of wild-type (Melan-a) mouse melanocytes (14), bf-mutant

(Melan-bf) mouse melanocytes (15), and bf-mutant melanocytes stably transformed by expression vectors containing wild-type (Melan-bf + Vps33a) or
bf-mutant mouse Vps33a (Melan-bf + Vps33abf) cDNAs. Pigmented cytoplasmic granules are melanized melanosomes.

of bf mice. Similar findings were observed on analysis of a
permanent line of mouse melanocytes derived from bf/bf mice
(Fig. 2, Melan-bf) (15).

To assess platelet function in bf mice, we first tested bleeding
time, which was prolonged significantly, to 9.7 + 1.2 min in bf/bf
homozygotes, versus 4.7 = 0.7 min in bf/ + heterozygous controls
(P <0.02). Collagen-mediated platelet aggregation, secretion of
dense-granule ATP (Fig. 1C), and platelet serotonin (not shown)
all were reduced significantly in bf/bf mice. Furthermore, the
number of dense granules per platelet, determined by whole-
mount electron microscopy, was reduced greatly in bf/bf (5.07 =
0.37) versus C57BL/6J (12.2 = 0.79) mice (P < 0.001). These
results establish that the bf-mutant phenotype includes signifi-
cant platelet-storage pool defect, although this defect is less
pronounced than in other mouse HPS-like mutants (6).

In contrast, we observed much less effect of the bf mutation
on lysosomal enzyme activity and secretion. Kidney B-glucuron-
idase and B-galactosidase activities were not altered significantly
in bf/bf versus C57BL/6] mice (not shown), and whereas
secretion of B-galactosidase into urine was reduced by 53% (P <
0.02), the slight reduction we observed in B-glucuronidase
secretion was not significant. Thus, the principal physiological
effect of the bf mutation on organelles seems to be on melano-
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somes, with lesser effects on platelet-dense granules and little or
no effect on lysosomes.

Fine Mapping and Identification of the Murine bf Locus. Mouse bf was
mapped previously to 65.0 centimorgans on mouse chromosome
5, although not with high precision (18). To refine localization
of the bf gene, we carried out a backcross of C57BL/6J mice
homozygous for bf with mice of the PWK strain and typed 1,167
progeny for recombination events near bf using markers
D5Mit188 and D5Mit282, which flank bf proximally and distally,
respectively. Fifty-six recombinant mice were then phenotyped
for coat color and genotyped for 20 additional microsatellite
markers previously mapped to this region of mouse chromosome
5: D5Mit319, D5Mit368, D5Mit408, D5Mit137, D5Mit96,
D5Mit160, D5Mit65, D5Mit369, D5Mit139, D5Mit279, D5Mit138,
D5Mit95, D5SMit140, D5Mit161, D5Mit212, D5Mit244, D5Mit30,
D5Mit162, D5Mit29, and D5Mit165. These data localized bf to
the 0.7-centimorgan interval between D5Mit137 proximally and
markers D5Mit138, D5Mit139, and D5Mit279 distally; within this
interval, four markers were nonrecombinant with bf: D5Mit96,
D5Mit160, D5Mit65, and D5SMit369.

By analysis of the United Kingdom’s Mouse Genome Centre
database, we identified a sequence-tagged site within the bf
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Fig. 3.

220 230 240 250 260
Mus musculus (Vps33a) VFPVYVFDNLLLLDENVEIL L TIL ASESSERY EIlL | [E| Y G| Q- - NS Y
Rattus norvegicus (Vps33a) V FPVFDNLLLLDRNVDLLTPLASQLTYEGLI DEI YGI Q- - NSY
Homo sapiens (VPS33A) | FPVFDNLLLLDEEN VIBL L TEIL ATESSEY EBL | E| YGI Q- - NSY
Drosophila melanogaster DKGMVDQL | ELDEES | B8L L S EL A TENSEY EEL | B8E F Y Gl R- - QNK
Caenorhabditis elegans GLLKINRIVE | DEEWMERP L' TEIML SEEENEF YL L BBE| Y G| GMV NS -
Aspergillus fumigatus ESEIl | | DEEMVESF G TEEL L T ESENY EEL | BBE F VG|l K- - NNQ
Aspergillus nidulans PSSS| ESEI | | DESENVENF GTIIL L T ERENY EfL | B8E L VGI K- - HNQ
Schizisaccharomycespompe I SALYDSVLLVDRSLDRI TPFLTQLTYFGFLDEI LGI Q- - QMN
Saccharomycescerevisisze [C GLEMDL LI | LERNTDPI TPLLTQQLTYAGI LDDLYEF---NSG
Arabidopsis thaliana GRPEVDTLI| CLLDESE VEIMYV TIEIMC S EEENY ERL | BBE | L HI S- - NGA
Mus musculus (Vps33b) RKPIEI GHI FELDEIDVEEF VTALCSEIVVYERL VEBBDTFRI K- - CGS
Rattus norvegicus (Vps33b) R RPEI GHI FLLDRDVDFVTALCSQVVYEGLVDDTFRI K--CGS
Homo sapiens (VPS33B) RRPEI GHI FLI DRDVDFVTALCSQVVYEGLVDDTFRI K--CGS

<2> <1> <3>

Alignment of Vps33a-related amino acid sequences. Mouse Vps33a amino acid residues 220-260 are shown aligned to all known Vps33 orthologues

and paralogues. Residues absolutely conserved among all available Vps33-related sequences (Vps33 unless indicated) are shown in red, and residues conserved
among the three mammalian Vps33a paralogues are shown in yellow. <1>, mouse Vps33ab’ Asp-251 — Glu (GAT — GAG) substitution; <2>, Drosophila car’
Gly-249 — Val substitution (19); <3>, human VPS33A lle-256 — Leu (ATT — CTT) substitution.

interval, AI120173, which represents a mouse orthologue of
human CD36L1. This indicated that the bf region of mouse
chromosome 5 is homologous to distal human chromosome
12q24. The NCBI and Celera human genome databases indi-
cated that this region is ~2.1 megabases in size, containing ~71
known and predicted genes, of which VPS334, RNP24, and
ATP6V0A2 had the greatest apparent biological relevance. We
therefore screened for mutations in the mouse homologues of
these three genes as well as the murine homologues of the
predicted genes FLJ12975 and FLJ22471 by RT-PCR of kidney
mRNA from bf/bf versus wild-type C57BL/6J mice and single-
stranded conformational polymorphism/heteroduplex analysis
(13) of the RT-PCR products. We detected an obvious abnor-
mality in mouse Vps33a, and DNA sequence analyses of both the
RT-PCR product and the genomic DNA defined a missense
substitution of glutamic acid for aspartic acid at codon 251 (GAT
— GAG). This substitution was not present in the wild-type
C57BL/6J background on which the bf mutation arose. As shown
in Fig. 3, Asp-251 has been conserved among all Vps33 homo-
logues for which sequences are available and is located only three
residues distal to the glycine disrupted by the carnation (car)
mutation of Drosophila (19).

Characterization and Complementation of Mouse bf-Mutant Melano-
cytes. To confirm that the bf gene is indeed Vps33a, we stably
transformed a line of melanocytes derived from homozygous
bf-mutant mice (15) by using both wild-type and bf-mutant
(Asp-251 — Glu) Vps33a cDNAs. As shown in Fig. 2, bf-mutant
melanocytes contain a reduced number of undermelanized
melanosomes, which is similar to what is seen in vivo (Fig. 1B).
Stable transformation by a vector expressing wild-type Vps33a
cDNA completely complemented this abnormal phenotype,
restoring normal melanosomal number and pigmentation (Fig.
2). In contrast, stable transformation by a plasmid expressing
bf-mutant (Asp-251 — Glu) Vps33a cDNA or by the empty
vector did not alter the mutant phenotype (Fig. 2). These results
confirm that Vps33a is the mouse bf gene and that the Asp-251
—> Glu substitution pathologically affects function of the Vps33a
protein in vivo.

Analysis of VPS33A in Human Patients with HPS. We screened human
VPS33A as a candidate HPS gene in 26 unrelated patients with
HPS who lack mutations in the HPS1, HPS2, HPS3, and HPS4
loci. One patient, of mixed Puerto Rican/Dominican origin, was
found to be heterozygous for a missense substitution, Ile-256 —
Leu (ATT — CTT). Ile-256 has been conserved among all
known Vps33-related homologues (Fig. 3). Nevertheless, no
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other mutation was found in this patient. Although this substi-
tution was not observed among 27 Puerto Rican controls,
at present we cannot be certain whether this substitution
has pathological significance or is a rare nonpathological
polymorphism.

Discussion

Organelle biogenesis is a complex series of processes that
organize trafficking of newly synthesized “cargo” proteins to the
nascent organelles. In yeast, some 65 different genes have been
implicated in biogenesis of the lysosome-like vacuole including
>40 so-called vps loci required for assembly of the vacuolar
ATPase and selective transport of certain soluble and mem-
brane-bound proteins from the late Golgi/frans-Golgi network
to the vacuole (7, 8). In mice and humans, fewer genes are
known, but the diversity of organelles virtually assures that an
even larger number of proteins are required for organellar
biogenesis in mammals. The constellation of HPS-, Chediak—
Higashi syndrome-, and Griscelli syndrome-like disorders of
humans and mice indicates that melanosomes, lysosomes, and
certain cytoplasmic granules share common pathways of or-
ganellar protein trafficking, although these pathways are as yet
largely unknown. Here we have shown that the mouse bf locus
corresponds to Vps33a, encoding a homologue of yeast vps33.
This is the first mammalian mutant shown to involve a direct
homologue of a classical yeast vps mutant, and the large amount
known about protein trafficking to the yeast vacuole makes bf
particularly instructive.

Vps33, a homologue of Seclp-like regulators of membrane
fusion, interacts with the Vpsl1, Vpsl6, Vpsl8, and probably
also the Vps39 and Vps41 proteins to form the class C Vps
complex (20), which in yeast is required for soluble N-
ethylmaleimide-sensitive factor attachment protein receptor
(SNARE)-mediated vesicle docking and fusion with the vacuole
(21-23). Vps4l, in turn, interacts with the AP-3 adaptor complex
in a clathrin-independent pathway of vacuolar protein trafficking
(24, 25). There is weak genetic interaction between vps33 and a
synthetic deletion of apm3, encoding the w chain of AP-3 (26),
although the nature of this interaction has not been defined. In
Drosophila, the car eye color locus likewise corresponds to vps33
(19), the car! allele involving a Gly-249 — Val substitution, only
three residues proximal to that homologous to Asp-251 in mouse
Vps33A (Fig. 3).

In mammals (mouse, rat, and human), there are two vps33
paralogues, Vps33a and Vps33b (27, 28), and the respective
functions of the corresponding two Vps33-like proteins are not
known. The relative specificity of the bf-mutant phenotype to
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melanosomes and platelet granules versus virtual sparing of
lysosomal function suggests that a Vps33a-containing class C
Vps complex might be specifically involved in biogenesis of
melanosomes and granules, whereas a Vps33b-containing class
C Vps complex might be specifically involved in biogenesis of
lysosomes. Because expression of both Vps33a and Vps33b seems
to be ubiquitous (28, 29), any such functional specificity of these
two Vps33-related proteins must reside at the protein level.
The identification of Vps33a as the murine bf locus suggests
human VPS33A4 and perhaps also VPS33B as candidate HPS loci
in man. Our data indicate that V/PS33A4, at least, is not a common
HPS gene in humans. Nevertheless, rare cases of HPS may result
from pathological mutations. The close functional association in
yeast between the Vps33 protein and Vpsll, Vpsl6, VpslS,
Vps39, Vps4l, and the AP-3 complex suggests these genes as
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biogenesis.
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