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The mouse hypopigmentation mutant pearl is an es-
tablished model for Hermansky–Pudlak syndrome
(HPS), a genetically heterogenous disease with mis-
regulation of the biogenesis/function of melanosomes,
lysosomes, and platelet dense granules. The pearl
(Ap3b1) gene encodes the b3A subunit of the AP-3
adaptor complex, which regulates vesicular traffick-
ing. The genomic structure of the normal Ap3b1 gene
includes 25 introns and a putative promoter sequence.
The original pearl (pe) mutation, which has an unusu-
ally high reversion rate on certain strain back-
grounds, has been postulated to be caused by insertion
of a transposable element. Indeed, the mutation con-
tains a 215-bp partial mouse transposon at the junc-
tion point of a large tandem genomic duplication of 6
exons and associated introns. At the cDNA level, three
pearl mutations (pearl, pearl-8J, and pearl-9J) are
caused by deletions or duplications of a complete
exon(s). © 2000 Academic Press

INTRODUCTION

The pearl mouse is an autosomal recessive hypopig-
mentation mutant that arose spontaneously on the
C3H/HeJ background (Sarvella, 1954). It is an appro-
priate model for a type of inherited human albinism,
Hermansky–Pudlak syndrome (HPS), as it exhibits hy-
popigmentation, lysosomal secretion abnormalities,
and reduced levels of adenine nucleotides and seroto-
nin in platelet dense granules (Swank et al., 1998;
Swank et al., in press). Pearl mice also display pro-
longed bleeding symptomatic of platelet storage pool
deficiency (SPD) (Swank et al., 1998; Swank et al., in
press) and a significantly reduced life span (McGarry et
al., 1999). The pearl mouse is also a model for human
congenital stationary night blindness since it has re-
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duced sensitivity in the dark-adapted state (Balkema
et al., 1983; Pinto et al., 1985).

HPS patients are deficient in the biosynthesis/func-
tion of melanosomes, platelet dense granules, and ly-
sosomes (Witkop et al., 1990a; King et al., 1995; Sho-
telersuk and Gahl, 1998; Spritz, 1999). HPS causes
high morbidity and increased mortality in the fourth to
fifth decades of life, due to associated fibrotic lung
disease, prolonged bleeding, and colitis (King et al.,
1995; White, 1990; Witkop et al., 1990b; Shotelersuk
and Gahl, 1998; Spritz, 1999). No curative therapies
exist. HPS is a genetically heterogenous disease and is
found in diverse populations worldwide (Hazelwood et
al., 1997; Oh et al., 1998; Shotelersuk and Gahl, 1998;
Spritz, 1999; Dell’Angelica et al., 1999). This is consis-
tent with the existence of at least 14 genetically dis-
tinct mouse pigment mutants that exhibit phenotypes
similar to those of HPS patients (Swank et al., 1998;
Swank et al., in press).

The pearl gene, now designated Ap3b1 (Feng et al.,
1999), and its human orthologue ADTB3A (Dell’Angelica
et al., 1999) encode the b3A subunit of the AP-3 adaptor
omplex, which is involved in sorting specific membrane
roteins and facilitating carrier vesicle formation at the
rans-Golgi network (Dell’Angelica et al., 1997; Simpson

et al., 1997). These vesicles are then targeted to their
specific subcellular destinations, including lysosomes and
presumably platelet dense granules and melanosomes.

The cDNA sequences of both human and mouse b3A
ubunit genes have been determined (Dell’Angelica et
l., 1997; Simpson et al., 1997; Feng et al., 1999). Two

pearl (pe) mutations, a 793-bp duplication in pearl and
a 107-bp deletion in pearl-8J (Feng et al., 1999) and
compound mutations in HPS patients (Dell’Angelica et
al., 1999), have been reported. These mutations lead to
the depletion of the b3A subunit, which in turn results
n a decrease or an abolition of other subunits of the
P-3 complex (Zhen et al., 1999). Mislocalization of the
ntire AP-3 complex and loss of its function with sub-
equent defects in all three above-mentioned or-
anelles ensue (Dell’Angelica et al., 1999; Zhen et al.,

999). The importance of the AP-3 complex in SPD and
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in the biosynthesis/function of subcellular organelles is
further confirmed by organellar alterations in another
HPS mouse model, mocha (Kantheti et al., 1998), in
Drosophila pigmentation mutations garnet (Ooi et al.,
1997), carmine (Mullins et al., 1999), and ruby
(Kretzschmar et al., 2000), and in yeast (Cowles et al.,
1997; Stepp et al., 1997).

Determination of the genomic structure of the mouse
Ap3b1 gene allows exploration of the structural basis of
the original pearl mutation. This mutation is particu-
larly interesting because it is unstable (Russell, 1964;
Russell and Major, 1956). On some backgrounds, e.g.,
strain 201 (Ay/a), as many as 6% of pe/pe animals have
various sized patches of normal coat color. Spontane-
ous revertants (peR/pe) on the congenic C57Bl/6J back-
ground also have been reported (Pinto et al., 1985). It
has been suggested that a transposable element may
be responsible for the pearl mutation and its high
reversion rate (Whitney and Lamoreux, 1982).

MATERIALS AND METHODS

Mice. Pearl and pearl-9J mutant mice together with control C3H/
HeJ and C57Bl/6J mice, respectively, were obtained from The Jack-
son Laboratory (Bar Harbor, ME). The pearl (pe) mutant occurred
spontaneously on the C3H/HeJ strain (Sarvella et al., 1954) and has
ubsequently been maintained as a congenic mutant on the C57Bl/6J
nbred background by repeated backcrossing. The pearl-9J (pe9J)

utant occurred spontaneously on the C57Bl/6J inbred stain. Pearl
evertant mice (peR) were originally found as a spontaneous rever-
ion in a congenic pe/pe colony on the C57Bl/6J background (Pinto et
l., 1985) and maintained as heterozygotes (pe/peR). Mice were sub-
equently bred and maintained in the animal facilities of Roswell
ark Cancer Institute (Buffalo, NY).

Primers. All primers were designed from cDNA (Feng et al.,
999) or genomic sequences of the mouse Ap3b1 gene obtained in this
esearch using the Primer 3 program with default settings (http://
ww-genome.wi.mit.edu/cgi-bin/primer/primer3.cgi; Whitehead In-

titute). Most primers have a Tm of 60°C. These primers served for
oth sequencing and PCR.
Primers used to determine exon/intron boundaries are listed in

able 1. Other primers used in this study were as follows: (A)
rimers derived from mouse Ap3b1 cDNA (GenBank Accession No.
F103809): 266F, 59-CAGCCATCCCGTAGAGGAC-39; 240R, 59-

CTCCCGACTGCTCGTTGTA-39; 3430F, 59-CCACTGCTGCTGC-
CTTTCAT-39; 3579R, 59-GGTTAGCAAAGCGAGGAGG-39. (B) Prim-
ers derived from intron sequences obtained from this study: 23F1,
59-TAGTTTCAGACCTACGCGGG-39; 23F2, 59-TGGTCCACATTTGC-
ATTTTG-39; 23F3, 59-GGGAGGGAGATGGTGGTAA-39; 23F4, 59-AAC-
ACCACCATTTGCATCAC-39; 23F5, 59-GCAGGGGTTAAGTTTTGCTG-
39; 23F6, 59-ACCAAAATCTGTGGGGTCTC-39; 23F7, 59-TTGCTCC-
CAACATCTTCAAA-39; 23F8, 59-CCTGGGACAGACAGGAGTTC-39;
23F9, 59-GAAATGGGGCTGCACATAG-39; 23R1, 59-CTACTAGATG-
AGCCCCGCAG-39; 23R2, 59-GACCCGGCTTTCTCTAGCTT-39; 23R3,
59-GTTTTCAGAATGGGGAGCAG-39; 23R4, 59-ATGTACGTCTGG-
TTGAGGGG-39; 23R5, 59-TCTGGTCTGTTTTGTGCCAG-39; 23R6,
59-AGCTGAGACGAAAGGATGGA-39; 23R7, 59-ACAGTGTGTGG-
GAACAGCAG-39; 23R8, 59-GGATCAAACTCAGGCCTTCA-39; 17R3,
59-GAACCCTCACACAGGACTCG-39.

Direct BAC sequencing. In addition to BACs described previously
(Feng et al., 1999), new BACs (112E17, 258F15, 127J5, 180O22, and
97J4) were isolated from the mouse BAC library RPCI 22 (http://
bacpac.med.buffalo.edu/22framemouse.htm). Two BACs (112E17
and B255G14) form a minimum tiling path covering the full length of
the Ap3b1 gene sequence at the genomic level. Portions of these two

BACs were directly sequenced with primers derived from the Ap3b1
cDNA sequence (GenBank Accession No. AF103809) or the genomic
sequence obtained later.

BAC DNA of these two BACs was reliably prepared with the
Qiagen Midi Kit (Qiagen) according to the manufacturer’s protocol
with one modification: DNA was eluted at 65°C with 2.0 ml buffer QF
three times. About 50 mg high-quality DNA could be reliably ob-
tained from a total of 200 ml culture in four parallel preparations.

Sequencing was conducted with the ABI Prism 377 DNA Se-
quencer and the BigDye Terminator Cycle Sequencing Ready Reac-
tion Kit from ABI Prism according to the manufacturer’s protocol.
Different sets of primers and templates at various ratios were tested
to optimize sequencing conditions. Sequencing is optimal with 30
pmol primer and 300–1000 ng BAC DNA in a total 20-ml reaction.
The thermocycling conditions were optimized from a protocol of the
University of Oklahoma (http://www.genome.ou.edu/big_dyes_cos
_bac_pac_fos.html) as follows: (1) 95°C for 5 min for 1 cycle; (2) 95°C
for 30 s, 50°C for 20 s, 60°C for 4 min for 100 cycles; (3) maintain at 4°C.
Data were analyzed by the ABI Prism Sequencing Analysis v.3.3.

PCR, PCR cloning, and sequencing. In addition to direct BAC
sequencing, a vector-bubble PCR method (Riley et al., 1990) was
conducted to determine the exon/intron boundaries. BAC DNAs were
prepared and digested with restriction enzymes. Resulting frag-
ments were then ligated to the vectorette adaptor. PCR was per-
formed using a specific cDNA primer and the vectorette primer. The
resulting PCR products were subcloned and sequenced to determine
the genomic sequence.

The Expanded Long Template PCR system or the Expand High
Fidelity PCR system from Roche was used for genomic PCR ampli-
fication according to the manufacturer’s protocol. PCR products were
cloned by TA cloning into the pCR-XL-TOPO vector in the TOPOXL
PCR cloning kit from InVitrogen according to the manufacturer’s
protocol. PCR products were treated with the Presequencing kit
(USB) to remove excess dNTPs and primers. Products were then
sequenced in a Perkin–Elmer 377 DNA sequencer using an ABI
Prism BigDye Terminator Cycle Sequencing Kit according to the
manufacturer’s protocol.

RESULTS

Genomic Structure of the Ap3b1 Gene in Normal Mice

The genomic structure, in particular, the exon/intron
boundaries, of the normal Ap3b1 gene was determined
by direct BAC sequencing and a vector-bubble PCR
method (Riley et al., 1990). Primers were first derived
from the mouse Ap3b1 cDNA (GenBank Accession No.
AF103809), and then more primers were derived from
genomic sequences obtained in this study. Primers
used successfully in determining the exon/intron
boundaries are listed in Table 1. A total of 25 introns
were identified, and both 59 and 39 splice sites were
sequenced. Exon/intron boundaries are presented in
Table 2. Additional sequences of each intron were de-
termined and can be accessed at GenBank (Table 2).
Most exon/intron boundaries follow the GU-AG rule
(Senapathy et al., 1990; Shapiro and Senapathy, 1987)
with one exception at the 39 splice site of intron 2,
where intron 2 ends with GC (Table 2).

The 59 untranslated region (UTR) and 39 UTR are
about 201 and 793 bp long, respectively, and other
exons range from 56 to 233 bp (Table 2). The sizes of
four introns that have been determined range from 1.7
to 10.6 kb.

Possible transcription start points were determined

from three different cDNA clones (unpublished data).
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The longest cDNA sequence was deposited with Gen-
Bank (Feng et al., 1999; GenBank Accession No.
AF103809). The genomic sequence upstream of the 59
UTR (GenBank Accession No. AF255566, Fig. 1A) of
the Ap3b1 gene was then determined by sequencing
BAC 112E17 directly with primer 240R in the 59 UTR.
No apparent TATA box or initiator was found. Several
stretches of GC-rich regions or putative “CpG islands,”
as are seen in some housekeeping genes (Smale, 1997),
were found within the first 300 bp of the upstream
sequence (Fig. 1A). Genomic sequence (GenBank Ac-
cession No. AF255589, Fig. 1B) following the poly(A)
addition site (Barabino and Keller, 1999) was obtained
by direct BAC sequencing with primer 3430F in the 39
UTR. This sequence is required to design primers am-
plifying the entire 39 UTR in mutation screening.

Tandem Genomic Duplication in the Pearl Mutation

The pearl mutation has a significant tandem dupli-
cation of 793 bp at the cDNA level (Feng et al., 1999).
A possible model for the origin of this duplication is a
corresponding duplication at the genomic level. To test
this model, genomic sequences of portions of the dupli-
cation, including two introns (introns 17 and 23) that
flank the duplication, were obtained by genomic PCR
and direct BAC sequencing. These analyses revealed
that the pearl mutation indeed contains a tandem du-
plication of six entire exons (exons 18–23) and associ-
ated introns at the genomic level. The identical dupli-

TAB

Primers Used to Determine Exon/Intron B

1F: 59-CAGCCATCCCGTAGAGGAC-39
2F: 59-GAGCAACAAAGATTCTGCCA-39
3F: 59-GAAGGGGAAAAATGCCTCG-39
4F: 59-CAGGACCTGGCTCTTCTGTC-39
5F: 59-TATCGTGCCTGTCATGATGC-39
6F: 59-GCAGAAGGAGATGTTAATTG-39
7F: 59-CCGAAAGCTTTGTAACCTGC-39
8F: 59-GAAACACCAAGCCGTTGC-39
9F: 59-CTATATTGGCACATCTCAC-39

11F: 59-TGGCAAATGAAGCCAACATA-39
12F: 59-GCCAGGACAAACAGTTTGC-39
13F: 59-GTTGTTGCTGAGAGTGTGG-39
14F: 59-TGCTCCTGATGTTTTGAGGA-39
15F: 59-CGCACACGATTTATTAGGCAG-39
16F: 59-CAGAGCAACACCTCCAAACA-39
17F: 59-GAAGATGAGGATGAGAACCCC-39
18F: 59-GCCAGAAGGTGGCCAAGAGG-39
19F: 59-TTTGTCTGCACAAGGGTTTG-39
20F: 59-AACCCCAGCAAGAAAGACATCC-39
21F: 59-TTAACCCAGTATCCACCCCA-39
22F: 59-TGCATGCCTTTCATCCAATA-39
23F: 59-CTCTCTGGAGCCTAAGGGGT-39
24F: 59-GGGGTGAAGCAGAAACTCAG-39
25F: 59-TGAACGAGACTTCGGCTAC-39

Note. F (forward) primers and R (reverse) primers were used to de
number before F or R designates the number of the intron whose splic
except for 2R, 16F, 19F, and 24F, which are derived from introns 3, 15
10R included the entire intron 10, exon 10, and the 39 part of intron
cated units (Fig. 2) are linked by a unique junction g
intron that retains the upstream 5.6 kb of the 39 intron
intron 23) and downstream 1.6 kb of the 59 intron

(intron 17), which are separated by a 0.2-kb partial
mouse transposon (MT) (Heinlein et al., 1986) at the
junction point. A more detailed description of the 59, 39,
and junction introns follows.

The 59 Intron of the Pearl Duplication

Primers 17F and 17R (Fig. 2A), which are located in
exons 17 and 18, respectively, were used to amplify the
59 intron of the pearl duplication. PCR products of 2.6
kb from genomic DNA of normal C3H/HeJ, pearl, and
pearl revertant mice were cloned and sequenced. A
2558-bp intron (intron 17, GenBank Accession No.
AF255582) was revealed. No sequence differences were
found between C3H/HeJ, pearl, and pearl revertant
mice within this intron.

In this intron, two pentanucleotide repeat se-
quences, (CAAAA)7 (nt 425–459, numbering from the

rst nt of intron 17) and (TTTTG)7 (nt 698–732), sep-
arated by 230 bp, were found (Fig. 3A). They could
perfectly match to form a hairpin structure. Also a
partial Alu-like sequence of 134 bp (nt 753–886) was
found 15 bp 39 to the (TTTTG)7 repeats (Fig. 3A).

he 39 Intron of the Pearl Duplication

Primers from exons 23 and 24, which flank the 39
ntron, were used to amplify the entire 39 intron by

1

ndaries of the Mouse Pearl (Ap3b1) Gene

1R: 59-CAATCATCCCAACAATTCGC-39
2R: 59-CAGTCGGAAGTGTGTGGTTG-39
3R: 59-CGCTGGAAAGTGCTTATGG-39
4R: 59-ACAGGCACGATAATTGGCAC-39
5R: 59-CGTGCTCTTGTCTTTCAGAAG-39
6R: 59-CCTGTGAATCAGATCGATTC-39
7R: 59-GGCATACGACTTCTTCCTGC-39
8R: 59-CCAATATAGCTGAGCGACAGC-39

10R: 59-GATCATAGTTGGATCAGTGG-39
11R: 59-GTTGCACATCTGCCTATGGTC-39
12R: 59-GCTGCATTTGCAACAATTTC-39
13R: 59-TCCTCAAAACATCAGGAGCA-39
14R: 59-TGCGGTCTCTGATGTCGTAG-39
15R: 59-CAAGCTGGAAGCGATCCCTAT-39
16R: 59-CACTGTCACTGCTGCTATC-39
17R: 59-TGGTTTTGGAGTTCCTCTTGGC-39
18R: 59-CATGGAACTGGACTCCTCAC-39
19R: 59-TTGGAGGGAGGATGTCTTTC-39
20R: 59-ATCAAGCTTGGAGAAAGGGC-39
21R: 59-CTCATGTGTTTTTGTTGGCACG-39
22R: 59-ACTGAGACAGTCACGGACCC-39
23R: 59-CTCTGACATGGCCACAGGT-39
24R: 59-GAGGATCATGGAGGGAGTG-39
25R: 59-TGTAAGCAGGTTACCCCTGG-39

mine the 59 and the 39 splice sites, respectively, of each intron. The
tes are determined. All primers are derived from the cDNA sequence
, and 23, respectively. Since genomic sequence obtained with primer
primers 9R and 10F were not needed.
LE

ou

ter
e si
, 18
enomic PCR. However, all primer sets failed due to
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the 10.7-kb length of this intron. Therefore overlapping
portions of a BAC (B255G14, Feng et al., 1999) from
mouse strain 129 were sequenced directly. Primers
23F and 23R, located in exons 23 and 24, respectively
(Fig. 2), were first used to obtain partial 59 and 39
sequences of the 39 intron. Then a series of nine prim-
ers (23F1 to 23F9), located within the 59 portion of the
intron and oriented toward the 39 end, plus another 8
primers (23R1 to 23R8), located within the 39 portion of
the intron and oriented toward the 59 end, were de-
signed (Fig. 2A). These primers were used in direct
BAC sequencing to obtain more genomic sequence by

TAB

Exon/Intron Boundaries

Exon
No.

GenBank
Accession No.

Terminal nta/size
(bp)

59 Sp
EXO

1 AF255566 (128/201) GGAAG
2 AF255567 (212/85) TGATTG
3 AF255568 (279/68) CATCGA
4 AF255569 (375/97) TTTGAA
5 AF255570 (536/162) TGTACA
6 AF255571 (603/68) GAGCA
7 AF255572 (786/184) GAGAG
8 AF255573 (945/160) TGCAG
9 AF255574 (1043/99) GCAATA

10 AF255575 (1098/56) GAGAA
11 AF255576 (1233/136) ATTTCA
12 AF255577 (1366/134) AGGGA
13 AF255578 (1476/111) TATCAC
14 AF255579 (1653/178) CAAACA
15 AF255580 (1840/188) TTTAAA
16 AF255581 (1971/132) AGAGTC
17 AF255582 (2134/164) GACAG
18 AF255582 (2282/149) GGAAA
19 AF255583 (2430/149) GGCTC
20 AF255584 (2504/75) GACGA
21 AF255585 (2610/107) CATCAA
22 AF255586 (2842/233) CCAATA
23 AF255587 (2927/86) AATTGT
24 AF255587 (3025/99) GAGCA
25 AF255588 (3164/140) TACACA
26 AF255589 (3956/793) GAATAG

a Terminal nt of each exon, numbering from the start codon of Ap
b Poly(A) addition site.

FIG. 1. Genomic sequences of the mouse Ap3b1 gene, including a
putative promoter sequence and the sequence following the poly(A)
site, obtained by direct BAC sequencing. (A) Sequence of the putative
Ap3b1 gene promoter and part of the 59 UTR. The start codon (ATG)
is in boldface type. Putative CpG island sequences are underlined.
(B) Genomic sequence following the poly(A) site. The poly(A) signal
is underlined, and the poly(A) addition site, determined by cDNA

clone sequences, is in boldface type and in a larger font.
walking. The entire 10.7-kb normal intron sequence
was thus determined. PCR primers were then designed
to amplify overlapping parts of the entire intron from
C3H/HeJ, pearl, or pearl revertant mice. Complete se-
quencing of the 39 intron (GenBank Accession No.
AF255587) of C3H/HeJ, pearl, and pearl revertant
mice revealed no sequence differences.

A partial LINE1 element of 869 bp (nt 6542–7410,
numbering from the first nt of intron 23) and a partial
Alu-like sequence of 75 bp (nt 2321–2395) were found
in the 39 intron (Fig. 3B). This partial Alu-like se-
quence is in opposite orientation to the 134-bp partial
Alu sequence found in the 59 intron and has 83% (62/
75) identity. No other significant sequence similarity
was found between the 59 and the 39 introns.

Junction Intron in the Pearl Mutation

According to the duplication model (Fig. 2), the junc-
tion intron is flanked by exons 23 and 18. Primers (23F
and 17R) were thus paired to amplify the entire junc-
tion intron. A 7.4-kb product was obtained only from
pearl DNA, not from wildtype C3H/HeJ or C57Bl/6J
DNA, and the entire junction intron sequence (Gen-
Bank Accession No. AF267848) was obtained. As pre-
dicted, the junction intron has bona fide partial se-
quences of the 39 intron (5558 bp, nt 1–5558,
numbering from the first nt of the junction intron, Fig.

2

the Pearl (Ap3b1) Gene

site
tron

Intron
No.

Intron size
(kb)

39 Splice site
intron/EXON

tgagga 1 ? gtaatagGAATGAA
ttccag 2 ? tgattgcGAAGGGG
taatgt 3 ? caaatagATCAAGA
taaatc 4 ? gttttagGACCCGA
tgggtg 5 ? attctagTCTTGAC
gtgagcg 6 ? ttcttagCTGGTGG
gtgagtt 7 ? ctyctagGATGGTG
gtacgtg 8 ? tttccagGTGGTTA
taggtc 9 ? cttctagGGAGGTG
tatgta 10 ? cacccagGGTATGT

tttgca 11 ? tttttagACCTACG
gtgagtt 12 ? cttttagAAATAGT
tgagtg 13 ? gtattagGTTCCTG
taagas 14 1.7 cgaacagACAAAAT

tatcac 15 ? ttaatagATAGGGA
taagtt 16 ? taaacagGCAAAAG
tgggct 17 2.6 cttgcagAGAGCGG
taacga 18 ? tttacagTGATTCA

gtaagac 19 ? cttacagGCAAAAG
taagtt 20 ? cttctagTTAACCC
taagtg 21 ? tgcccagGTCAGTA
taaagg 22 3.8 ttcttagACTCTCT
taagtt 23 10.6 tccttagCACCAAG
gtgagag 24 ? gttgcagGAACGCT
tagtct 25 ? tttgcagGTTTGCA
tttgcc

cDNA (AF103809).
LE

of

lice
N/in

AAg
Cg
Gg
Gg
Gg

CG
AG
CG

Gg
AGg
Gg
TG
Tg
Gg

Gg
Ag

TGg
AGg
CG
CTg
Cg
Gg
Gg

AG
Gg
Cba

3b1
3) and the 59 intron (1619 bp, nt 5777–7395, Fig. 3).
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The breakpoints in both 59 and 39 introns are readily
identified. In addition, a 218-bp (nt 5559–5776, Fig.
3C) foreign DNA sequence was found between the two
duplicated regions. With the exception of the first 3 bp
(AAA), this foreign sequence is part of the internal
sequence of a 1.2-kb retrovirus-like element termed
MT (Heinlein et al., 1986), which is a subgroup of the
mammalian apparent LTR-retrotransposons (MaLRs)
(Smit, 1993).

This partial MT sequence was compared with a full-
length MT (Fig. 4). It is 97% identical to the full-length
MT over the 215 bp. There are two 9-nt direct repeats
(GAAAAATTG) flanking this partial MT (Fig. 3C). The
59 repeat contains 3 bp (GAA) of the 39 intron sequence,
3 bp (AAA) of foreign sequence of unknown origin, and
3 bp (TTG) of the partial MT sequence (Fig. 3C). On the
other hand, the 39 repeat is derived entirely from the 59

FIG. 2. Tandem duplication of a portion of the Ap3b1 gene in pea
is duplicated in pearl mice (B) is enclosed within the large box. (B
introns 17 and 23, are duplicated in the pearl mutation. Exons are
nd dotted heavy lines, respectively, and other introns are depicted a
he 59 to 39 direction. The partial MT is presented as a small box in
re enclosed within large boxes.

FIG. 3. Detailed structures of the (A) 59, (B) 39, and (C) junctio
structure ((CAAAA)7. . .(TTTTG)7) are labeled. Breakpoints (vertical
the breakpoints are given underneath. In C, sequences derived from
from the partial mouse transposon (MT) is in lowercase letters and

4. The repeat sequences flanking the partial MT in C are in boldface ty
intron sequence (Fig. 3C). This repeat sequence has no
homology to the consensus 5-bp (AAAGG) insertion
target site of the MaLR family (Smit, 1993). A BLAST
search in GenBank found partial or full-length MT
sequences in the mouse genome (GenBank Accession
Nos. AC003062, AC004407, AC005403, AC005816,
etc). However, no such 9-nt direct repeats were found
at their ends.

The Pearl Revertant Allele (peR) Produces a Normal
Transcript of the Ap3b1 Gene

Pearl revertant mice were maintained as heterozy-
gotes (pe/peR). The exact genotype was first investi-
ated by genomic PCR. A set of primers (23F9 and
7R3, Fig. 2B) that amplifies specifically the junction
oint of the pearl duplication was used. As expected, a

ice. (A) Structure of the Ap3b1 gene in normal mice. The region that
xons 18–23 together with associated introns, including portions of
icted as numbered boxes. 59 and 39 introns are depicted as straight
in lines (not drawn to scale). Arrows represent primers, pointing in
junction intron and is indicated by an arrow. The duplicated units

trons in pearl (pe) mice. Alu-like, LINE1 sequences, and a hairpin
ted line) in the 59 and 39 introns are numbered. Partial sequences at
e 59 and 39 introns are given in uppercase letters; sequence derived
nderlined. The complete sequence of the partial MT is given in Fig.
rl m
) E
dep
s th
the
n in
dot
th

is u

pe.
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product of 678 bp was obtained from pearl (pe/pe),
eterozygous pearl (pe/1), and pearl revertant (pe/peR)

mice but not from wildtype C3H/HeJ mice (Fig. 5A),
establishing the presence of the pearl allele (pe) in the
first three genotypes. Primer sets that amplify the
entire 59 and 39 introns were also used. These products
are expected to be a mixture of products from both pe
and peR alleles from the heterozygous pearl revertant

ice. However, sequences of these products showed no
eterogeneity and no sequence differences between
ildtype, pearl, and pearl revertant mice (data not

hown). Therefore it is not possible to differentiate the
eR allele from either the wildtype or the pe allele by

the genomic PCR method.
The sequence identity between the peR allele and the

wildtype alleles and the fact that the pearl revertant
mice display normal coat color suggested that the pearl
revertant allele (peR) represented a reversion to wild-
type. To test this possibility, RT-PCR was conducted to
study transcripts of the pearl (pe) and the pearl rever-
tant (peR) alleles in the heterozygous pearl revertant
(pe/peR) mouse. RNA was isolated from kidneys of nor-

al, pearl (pe/pe), heterozygous pearl (pe/1), and pearl
evertant (pe/peR) mice and a pair of primers (266F

and 3579R) was used to amplify the entire coding re-
gion of the Ap3b1 gene. As expected, a product of 3.7 kb
rom the wildtype allele was apparent in the C3H/HeJ

FIG. 4. Comparison of the 215-bp partial MT sequence found at
MT (GenBank Accession No. U17089). The full-length MT sequenc
full-length MT sequence are underlined. The 218-bp partial MT ins
identical sequences indicated by dots and different sequences by up
ice, while there was a 4.4-kb product from the pe
llele in pearl (pe/pe) mice. In heterozygous pearl
pe/1) mice, both products were observed (Fig. 5B).
ikewise, in the pearl revertant mice, both the 4.4-kb
roduct of the pe allele and the 3.7-kb product of the
eR allele were observed (Fig. 5B). Sequencing of the

3.7-kb RT-PCR product from the pearl revertant mice
revealed that the transcript of the peR allele is identical
to the wildtype Ap3b1 cDNA. It is thus concluded that
the pearl revertant allele (peR) produces a normal tran-
cript of the Ap3b1 gene.
The greater amount of the 3.7-kb product in the peR

and wildtype alleles than of the 4.4-kb product in the
pe allele (Fig. 5B) is probably due to (1) less mutant
than normal transcript due to rapid degradation of the
mutant transcript and/or (2) preferential amplification
of the shorter product in RT-PCR.

A trivial explanation for the reversion, i.e., a contam-
ination of a C57Bl/6J wildtype allele in our mouse
colony, has been excluded. Genotyping of microsatellite
markers closely surrounding the pe locus in pearl re-
vertant mice revealed they are homozygous for C3H/
HeJ (data not shown), the original background of the
pearl mutation (Sarvella, 1954). Similarly, a contami-
nation of a wildtype C3H/HeJ allele has been excluded,
because the distant genetic markers D13Mit13 and
D13Mit30, which flank the pe locus, and D17Mit79,
which is on chromosome 17, are homozygous C57Bl/6J

junction point of the pearl duplication with a full-length (1227 bp)
given in lowercase letters. LTRs (bp 1–71 and 1166–1227) of the

on sequence is given underneath the full-length MT sequence with
case letters.
the
e is
erti
type (data not shown), as expected for the congenic
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strain. In addition, C3H/HeJ contamination would
have produced an immediately recognizable agouti
phenotype rather than the black color of the pearl
revertants.

Mutations in Three Pearl Alleles All Involve Large
Deletions or Duplications of an Entire Exon(s)
at the cDNA Level

Mutations in two pearl alleles, a 793-bp duplication
in pearl and a 107-bp deletion in pearl-8J, were deter-
mined previously at the cDNA level (Feng et al., 1999).
In this study an 867-bp in-frame deletion in the 59 part
f the Ap3b1 transcript was found in another pearl

mutation, pearl-9J, by RT-PCR. This deletion, from nt
787 to 1653 (numbering from the start codon, GenBank
Accession No. AF103809), is predicted to result in a
deletion of 289 amino acids, which is approximately 1/3
of the normal protein product. Such a large deletion
likely produces unstable and/or nonfunctional mRNA
and/or protein as was found in other pearl mutations
(Feng et al., 1999). Indeed, the b3A subunit was not

etected by Western blotting using a polyclonal anti-
ody (Simpson et al., 1997) in kidney of pearl-9J mice
data not shown).

Analyses of the exon/intron boundaries (Table 2) re-
ealed that all mutations found in the above three
earl alleles involve precise deletions or duplications of
complete exon(s). The pearl-9J deletion spans seven

xons, exons 8–14 of 867 bp; the pearl-8J deletion
ncludes one exon, exon 20 of 107 bp; and the original

FIG. 5. The pearl revertant mouse is heterozygous for the pe and
peR alleles. PCR amplifications were conducted using samples from
C3H/HeJ, pe/pe, pe/1, and pe/peR mice. (A) Genomic PCR product
specific for the pe duplication (amplified with primers 23F9 and
7R3; Fig. 2B) is present in pearl revertant mice. (B) RT-PCR prod-
ct of the peR allele (3.7 kb, amplified with primers 266F and 3579R)

rom pearl revertant mice is the same size as the wildtype allele.
earl duplication includes 6 exons, exon 18–23 of 793
p. A set of primers targeting the junction region of
ntron 20 and exon 21 amplified a product of the ex-
ected size from normal mice but not from the pearl-8J
ice (data not shown), suggesting a deletion at the

enomic level as well. The 59 splice site of intron 7 and
he 39 splice site of intron 14 were compared between
he pearl-9J and its normal control mice. No sequence
ifferences were found (data not shown).

DISCUSSION

Genomic Structure of the Mouse Ap3b1 Gene

A total of 25 introns were found in the mouse Ap3b1
gene. All the exon/intron boundaries were determined
(Table 2), most of which follow the GU-AG rule (Sha-
piro and Senapathy, 1987) with only one exception.
Intron 2 ends with a GC rather than a conserved AG.
GC at the 39 splice site is rare but is present in both
rodents and primates (Senapathy et al., 1990; Jackson,
1991). These results will be useful for determination of
the genomic structure of the human b3A gene.

Conserved promoter elements like TATA boxes or
nitiators were not apparent in the promoter region
equence obtained by direct BAC sequencing using a
rimer in the 59 UTR. Instead, several putative CpG
slands were found within the 300 bp upstream of the
9 UTR (Fig. 1A). These may serve as regulatory ele-
ents as has been reported for some housekeeping

enes (Smale, 1997). Genomic sequence following the
9 UTR was also obtained by direct BAC sequencing
ith a primer in the 39 UTR and should prove useful in
mplification and sequencing of the entire 39 UTR.
Recently, HPS patients with compound heterozygous

mutations in the HPS2 gene were reported
(Dell’Angelica et al., 1999). A method to screen addi-
tional HPS patients for mutations in this gene would
be useful. Though RT-PCR is advantageous, a genomic
PCR-based protocol will be useful in those cases for
which only genomic DNA samples are available. Since
the mouse Ap3b1 gene and human HPS2 gene share a
high level of homology at the cDNA level, the genomic
structures of the two genes are expected to be similar,
and some primers used here may likewise amplify cor-
responding human sequences.

Pearl Duplication

One reason for determining the genomic structure of
the Ap3b1 gene was to investigate the nature of the
pearl genomic mutation, which has an unusually high
reversion rate (Russell, 1964; Russell and Major,
1956). The pearl mutation was previously determined
to be a tandem duplication at the cDNA level (Feng et
al., 1999). By genomic sequencing, we have demon-
strated that the pearl mutation is also a large tandem
duplication at the genomic level. As we proposed, the
pearl mutation has two identical segments containing
all six exons (18–23) and associated introns (Fig. 2).

These two segments are linked by a junction intron
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that maintains the 59 5.6 kb of the 39 intron and the 39
1.6 kb of the 59 intron. In addition, a 218-bp foreign
sequence, including a 215-bp partial MT (Heinlein et
al., 1986), was found at the junction point of the dupli-
cation.

Mouse transposons are a subgroup of a superfamily
of MaLRs (Smit, 1993), which resemble the internal
sequences of the human transposon-like element
(Paulson et al., 1985). The 215-bp partial MT sequence
(Fig. 4) is a part of the internal MT sequence that has
no homology to any other proteins or long terminal
repeats and has no special significance in the evolution
of the MT (A. Smit, La Jolla, pers. comm., 28 Mar.
2000).

The mechanism for formation of the pearl duplica-
tion and the exact role of the MT in the duplication are
not clear. Tandem duplications involving a portion of a
single gene have been reported for a number of genes
(Hu and Worton, 1992; Deininger and Batzer, 1999).
Two general mechanisms leading to such tandem du-
plications have been proposed: homologous and nonho-
mologous recombination (Hu and Worton, 1992;
Purandare and Patel, 1997; Lambert et al., 1999). Ho-
mologous recombination occurs between a stretch of
homologous sequences, like Alu repeats (Gondo et al.,
1993; Deininger and Batzer, 1999; Lambert et al.,
1999). In these cases, the breakpoints and junction
points are usually located within homologous se-
quences. Though two partial Alu-like sequences were
found in the 59 and 39 introns (Fig. 3), they are in
opposite orientation and thus cannot produce a tandem
duplication by the usual homologous recombination
models (Hu and Worton, 1992; Purandare and Patel,
1997; Lambert et al., 1999). No other significant homol-
ogies were found at the breakpoints of 59 or 39 introns
or the junction points. In another model (Hu and Wor-
ton, 1992; Roth et al., 1985), duplications are created
by nonhomologous recombination upon random chro-
matid cleavage and rejoining events. This mechanism
is the most likely cause of the pearl duplication. It is
possible that the insertion of the MT introduces a chro-
matid break in either the 59 or the 39 intron, followed
by a nonhomologous recombination event that results
in duplication and partial loss of the MT. It has long
been proposed that the pearl mutation may be due to
the insertion of a transposable element (Whitney and
Lamoreux, 1982). The location of the partial MT pre-
cisely at the junction point is consistent with this
model. The pearl mutation is nevertheless not simply
due to an insertion of a transposable element, but is
rather a complicated large tandem duplication at the
genomic level. Also, at the cDNA level, this partial MT
does not interrupt splicing or introduce mutations
other than the duplication. It is also possible that in-
sertion of the MT is irrelevant to the duplication
though the probability of two such simultaneous inde-
pendent events seems low.

The 9-bp direct repeats at both ends of the partial

MT are of special interest. However, no such 9-bp re- s
peat sequences were found at the ends of other full or
partial MT elements found by BLAST search in Gen-
Bank. It is possible that these 9-bp direct repeats were
generated by the insertion of this partial MT through a
rare retrotransposition event (Lodish et al., 1995) or
resulted from DNA repair during chromatid rejoining
events.

Pearl Reversion

Both somatic and germline reversions of the pearl
mutation have been reported (Russell and Major, 1956;
Russell, 1964). Although the somatic reversion events
in the pearl mouse are very intriguing, this phenome-
non could not be studied at this time, because no DNA
or RNA samples from somatic revertants are available.
Our resource was limited to frozen tissues of heterozy-
gous pearl revertants, which are offspring of one of the
two spontaneous germline revertants on the congenic
C57Bl/6J background (Pinto et al., 1985). These mice
epresent germline reversion events as the coat color is
ntirely normal and fully transmittable to offspring
ver many generations.
The revertants were maintained as heterozygotes.

he nonavailability of samples from homozygous re-
ertant (peR/peR) mice caused some technical difficul-

ties in this study. Though we could test the presence of
the pe allele in the revertant mice by genomic PCR

ith a set of primers specific for the junction point in
he pe allele (Fig. 5A), we could not directly test the
resence of the peR allele because no primer sets used
n genomic PCR could differentiate the peR allele from

the pe allele in heterozygous pearl revertant (pe/peR)
mice. However, we could infer from the phenotype of
revertant mice that the peR allele corrects the light coat
color by reverting to the wildtype and producing a
normal transcript. This was confirmed by RT-PCR
(Fig. 5B). Sequencing data conclusively indicated that
the pearl revertant allele produces the normal tran-
script.

The RT-PCR data strongly suggest that the pearl
genomic duplication was lost by one mutant homologue
and that it reverted to the normal wildtype structure.
If the peR allele left some “footprints,” such as a portion
f the partial MT, at the breakpoints in either 59 or 39
ntron, genomic PCR products from the pearl revertant

ice would be a mixture of two products: one from the
ildtype allele and another from the peR allele. How-

ver, we did not detect any heterogeneity of these prod-
cts by sequencing. Rather, the sequences are uni-
ormly identical to the wildtype sequences. This
ndicated that the peR allele reverted back to the wild-
ype with complete fidelity, at least at the 59 and 39
ntrons, though the entire genomic segment was not
tudied completely. This apparent exact loss of one
uplicated unit (Fig. 2) in revertant mice strongly sug-
ests an involvement of homologous recombination be-
ween two duplicated regions in the reversion process,

imilar to that postulated in the pink-eyed unstable



H
s
i
m
m
t
s

r
s
a
c

O

t
(
c
t
m
c
d

B

C

D

D

D

L

M

M

378 FENG ET AL.
(pun) (Gondo et al., 1993; Schiestl et al., 1997) and
PRT (Helleday et al., 1998; Yang et al., 1988) rever-

ions. Tandem repeats are known to be highly unstable
n both prokaryotes (Feschenko and Lovett, 1998) and

ammals (Schiestl et al., 1997). There are several
odels to explain the deletion of one copy of a duplica-

ion by homologous recombination such as that ob-
erved in pun (Schiestl et al., 1997). In any model,

recombination could occur within the duplicated unit
to restore the wildtype sequence arrangement, consis-
tent with our finding of sequence identity between
DNA from wildtype mice and DNA from revertant
mice.

The pearl mutation is stable in its original strain,
C3H/HeJ (Russell and Major, 1956). However, when
transferred to other backgrounds, both somatic and
germline reversions occurred. The frequency is as high
as 6% on the 210 (Ay/a) strain and less on other strains
(Russell, 1964). On the C57Bl/6J background, the re-
version rate is about 0.5% (Pinto et al., 1985). The
easons for the strain-dependent nature of the rever-
ion rate in pearl are not clear. Presumably trans-
cting factors that differentiate among these strains
ontribute.

ther Pearl Mutations

It is interesting to note that all three pearl alleles
hat have been studied involve substantial deletions
pearl-8J and pearl-9J) or a duplication (pearl) of a
omplete exon(s) at the cDNA level. The genomic na-
ure of the former two alleles was not precisely deter-
ined. Limited data suggest that both deletions in

DNAs of pearl-8J and pearl-9J are likely due to large
eletions at the genomic level as well.
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