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ABSTRACT Dark-eyed albino (co"f) is a recessive allele at
the mouse albino (c) locus, which encodes tyrosinase (monophe-
nol,L-dopa:oxygen oxidoreductase, EC 1.14.18.1), the key
enzyme in melanin synthesis. Similar to type IB oculocutaneous
albinism in humans, overall production of pigment is greatly
reduced in dark-eyed albino mice and obvious only in the eyes.
We have studied the molecular basis of the e4l mutation and
show that expression of the tyrosinase gene is not affected.
After sequencing tyrosinase cDNA isolated from coMH/co4m
homozygotes, we uncovered a single base alteration from wild
type leading to a serine-to-isoleucine exchange. The importance
of this mutation was demonstrated by generating transgenic
mice containing a mutated tyrosinase mingene. This showed
that the single base change was sufficient to severely depress
pigment production in trasgenic mice. We therefore conclude
that the point mutation is responsible and sufficient to generate
the dark-eyed albino phenotype.

melanin pigment at birth but typically accumulate some
pigment in eyes and hair during childhood and adult life.
More recently, human tyrosinase gene mutations associated
with type IB OCA have been identified and shown to be due
to point mutations (15, 16). No corresponding mouse muta-
tion has been characterized.
Two major alternatives exist to explain the reduced pig-

mentation as a consequence ofa mutation at the c locus. This
could be due to either a mutation in the 5' region affecting
transcription or a mutation in the coding region changing
activity or stability ofthe protein. We have demonstrated that
the defect resides within the coding region of the gene. By
isolating and sequencing the cDNA from the c44H mutation,
we identified a point mutation leading to an amino acid
exchange in the protein. The importance of this mutation was
then corroborated by introducing it back into transgenic
mice.

A large number of genes and mutations affecting coat color
in mice have been identified and characterized over the past
years (1, 2). Some mutations have their origin in the mouse
fancy stock, but most of them have arisen spontaneously or
were induced following mutagenesis by radiation or chemi-
cals. These mutations act at various levels in the melanogenic
process (3). A family of three related genes, the tyrosinase-
related family, is important for synthesis of melanin. Genes
coding for tyrosinase-related protein 1 (TRP-1) and tyrosi-
nase-related protein 2 (TRP-2) were shown to map to the b
locus and slaty locus, respectively, and to influence color or
quality of pigment produced (3, 4). The enzyme tyrosinase
(monophenol,L-dopa:oxygen oxidoreductase, EC 1.14.18.1)
is encoded by the albino (c) locus in the mouse and is
indispensable for production of pigment (5).
Many mutations at this locus lead to viable or lethal albino

phenotypes caused by deletions of part of or the whole
tyrosinase gene, thus possibly encompassing other genes (6,
7). Apart from these deletions only a few specific mutations
have been identified. The original albino/c allele is due to a
point mutation in exon 1 of tyrosinase, thus changing a
cysteine residue to serine (8-10). Both a temperature-
sensitive tyrosinase enzyme found in the himalayan mutation
(ch) and a tyrosinase enzyme showing slightly reduced ac-
tivity (chinchilla, cch) seem to be caused by point mutations
as suggested by sequencing of the coding region of the
tyrosinase gene (11, 12).
The dark-eyed albino mutation (c44H) has been induced in

spermatogonial stem cells by combined hydroxyurea and
x-ray treatment. It represents an allele of the c locus (13).
Adult homozygous mice have dark eyes and traces of pig-
ment in hairs of the anogenital region but lack pigment of the
body fur (13, 14). The phenotype is very similar to that
characteristic for type IB ("yellow") oculocutaneous albi-
nism (OCA) in humans. Such patients usually lack detectable

MATERIALS AND METHODS
DNA and RNA Analyses. NMRI/Han mice were obtained

from IFFA Credo (L'Arbresle, France) and c44H6/C4 mice
were kindly provided by Bruce Cattanach (Medical Research
Council Radiobiology Unit, Chilton, U.K.). They were main-
tained and bred at the animal facility ofthe institute. Genomic
DNA was isolated from tail biopsies of mice essentially as
described (17). Southern blot analysis was performed by
hybridization to 32P-labeled DNA probe, pTyl.1, generated
by random priming. pTyl.1 was constructed by cloning
PCR-amplified sequences of exons 1 and 2 of the mouse
tyrosinase gene (primers 1 and 5; bases -20 to + 1117) in aTA
Cloning vector (Invitrogen).
For PCR analyses on DNA or cDNA, we used Taq

polymerase (Perkin-Elmer or Appligene, Strasbourg,
France). Amplifications were done in 100 jd consisting of 50
mM KCl, 10 mM Tris (pH 8.3), 1.5 mM MgCl2, 0.1 mM
dNTPs, 20 pmol of each primer, and 2.5 units of Taq
polymerase. Either 30 or 40 cycles were run, each consisting
of 2 min at 940C, 1 min at 550C, and 2 min at 720C. Following
the last cycle, elongation was allowed to proceed for 10 min.
We used the following primers (sequences in 5'-3' direction):
1 (CTTAGCCAAAACATGTGATA, bases -20 to -1), 2
(CAGGCAGAGGTTCCTGCCAG, +231 to +250), 3
(GTGGGGATGACATAGACTGA, +540 to +521), 4 (GAT-
CATTTGTAGCAGATCAG, +901 to +920), 5 (TTCCAGT-
GTGTTTCTAAAGC, +1117 to +1098), 6 (GGGATCGT-
TGGCCGATCCCTGTACTTGGG, + 1234 to +1206), 7
(GAGCCTTACTTGGAACAAGCC, + 1475 to + 1495), and 8
(CTTAGAAACTAGGACTTAGG, + 1835 to + 1816).
RNA was isolated from mouse eyes and mouse skin by the

guanidinium isothiocyanate procedure including centrifuga-
tion through CsCl (17, 18). First-strand cDNA was generated
from 2.5 jig of total RNA by using random hexamers (first-
strand cDNA synthesis kit, Pharmacia). To determine RNA
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levels, PCR was performed on 1/10th of the cDNA from
c44H/c mice with primers 2 and 3. In a separate set of
experiments, the PCR mixture was diluted 1:200, and a final
PCR cycle was performed in fresh buffer to avoid het-
erodimeric DNA (19). For every RNA preparation, one
sample was amplified without adding reverse transcriptase,
thus controlling for the presence of genomic DNA and
contaminants. PCR products were digested with Dde I,
separated in a high-percentage (2.5% or 4%) NuSieve GTG
agarose (FMC) gel, and blotted to charged membranes (Gene-
ScreenPlus, DuPont, or Nytran Plus, Schleicher & Schuell).
Membranes were hybridized to a random-primed 32P-labeled
DNA probe isolated from pTyO.13 [+406 to +540; subcloned
in pBluescript (Stratagene) by using primer 3 and the Apa I
site at +406]. Quantification was performed with a Phosphor-
Imager (Molecular Dynamics). For Northern blots, 20 jug of
totalRNA was run in a formaldehyde-containing agarose gel,
blotted to nylon membrane (Hybond, Amersham), and hy-
bridized to pTyl.1 (32P-labeled by random priming) (17, 18).
Photographs of the membrane showed that equal amounts of
RNA were loaded.

Subcloning and Sequencing of CH Coding Region. PCRs
were performed on genomic DNA and cDNA isolated from
c44H/c44H homozygotes. PCR products were subcloned into
a TA Cloning vector (Invitrogen). Tyrosinase gene-specific
or SP6/T7 promoter-specific primers were used for nucleo-
tide sequence determination with Sequenase (United States
Biochemical). For any region of the cDNA, products of at
least two independent PCRs were cloned and analyzed by
sequencing.

Transgenic Mice. A Bgl II-Sph I fragment (+124 to +1168)
of the tyrosinase minigene TyBS (9) was replaced by a Bgl
II-Sph I fragment containing the mutation at +519 (isolated
from pTyl.1). By sequencing the insert and the cloning sites
of the mutated minigene TyBSmut5l9, no deviation to TyBS
was found (except for the mutation at +519). Vector se-
quences were removed from both minigenes (TyBS and
TyBSmut519) by cleavage with KpnI and EcoRI. The frag-
ments were isolated and purified from agarose gels by using
glass powder (Geneclean, Bio 101), dissolved in 10 mM Tris,
pH 7.4/0.1 mM EDTA, and injected into fertilized eggs
derived from albino NMRI/Han mice (12,17). For TyBS, 153
fertilized eggs were transferred to pseudopregnant females,
which gave rise to 33 newborns. For TyBSmut5l9, 220
fertilized eggs were transferred and 52 mice were born.
Transgenic animals were identified by pigment production (in
skin or eye) and/or Southern blot analysis. Eyes were
isolated from 4-month-old transgenic nonpigmented animals
(and nontransgenic albino mice) and analyzed for traces of
pigment production under a stereomicroscope.

RESULTS
The Dark-Eyed Albino Mutation (c"4H). Mice homozygous

for C44H are viable and fully fertile in both sexes (13). A
homozygous male (c44H/c"hI) was bred to albino (c/c)
NMRI/Han females to generate heterozygous offspring. Eye
pigmentation in c44H/c heterozygous mice is only clearly seen
at an age of 3-4 months, while skin and hair are still
unpigmented (Fig. 1). These matings thus confirmed that c44H
represents an allele of the c locus (13, 14).
The albino mutation creates a new Dde I site in exon 1 of

the tyrosinase gene (10). Using two primers, nos. 2 and 3
which are located 5' and 3' of the Dde I polymorphism, we
amplified genomic DNA from NMRI/Han and c44H homozy-
gotes. After digestion with Dde I, the fragments expected for
albino (130 bp and 35 bp) were detected when DNA from
NMRI/Han mice was amplified (see Fig. 3). As in DNA from
wild-type (C/C) mice, the Dde I site was not present in c44H,
thus yielding a fragment of 165 bp (not shown). With respect
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FIG. 1. Phenotype of dark-eyed albino mice. A dark-eyed albino
mouse (c44HIc, at right) and an albino mouse (c/c, at left) are both
unpigmented in hair and skin. Eyes ofthe dark-eyed albino mouse are
lightly pigmented.

to the albino mutation the c44H tyrosinase gene does not differ
from wild type. This polymorphism therefore allowed us to
discern DNA from heterozygous newborns (c44H/c) and
homozygous newborns.
The Mutation Does Not Affect Expression of the Tyrosinase

Gene. Previous results suggested that the c-locus mutation
chinchilla-mottled (c'") was caused by a rearrangement in the
tyrosinase gene upstream sequence which affected the level
of transcription of the gene (20). We have therefore analyzed
genomic DNA from mutant mice (c44H/c) for alterations in
restriction patterns compared with that of the wild-type
tyrosinase gene (C57BL/6J; C; data not shown) and the
chinchilla tyrosinase gene (cch/c) to depict possible rear-
rangements in the upstream region of the mutant (Fig. 2).
DNA was digested with various restriction enzymes and
Southern blots were hybridized to an exon 1/exon 2-specific
probe. Cleavage with HindII (4.8 kb and 8.0 kb) and EcoRI
(4.7 kb and 12.0 kb) yielded the expected fragments (21). With
another enzyme (PvuII), no difference was found as well.
Since these digestions do not allow analysis of the more 5'
region (EcoRI cuts at -2.5 kb; HindIII at -80 bp), we
cleaved DNA with Apa I, which cuts in exon 1 and about 19
kb upstream (20). These analyses revealed no changes in
restriction pattern among the four alleles analyzed (C, Cch,

) H -E A P hI - A
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FIG. 2. The upstream region of the mutant tyrosinase gene is not
altered. Southern blot analysis ofDNA from dark-eyed albino mice
(c44H/c) and chinchilla mice (cch/c) shows that the three alleles are
not rearranged (P, PvuII; H, HindIH; E, EcoRI; A, ApaI). Ten
micrograms (c44H/c) or 5 llg (ccI/c) ofDNA was loaded per lane. The
EcoRI fragment encompassing exon 2 (12.0 kb) is present on the
original autoradiograph. The fragment lengths due to cleavage with
HindIII are indicated.
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c44H, and c) thus excluding any gross rearrangements around
exons 1 and 2 and in the 5' region.
We then directly compared the RNA levels of the c44H

tyrosinase gene to that of a known tyrosinase gene by
competitive PCR (19, 22). We used RNA isolated from eyes
of ceH/c heterozygotes, since it has been shown that the
albino mutation (c) is solely due to a point mutation and does
not affectRNA levels, which therefore do not differ from wild
type (C). RNA was reverse transcribed and cDNA was
amplified with primers 2 and 3. Dde I digestion allows
discrimination between c-locus alleles (ref. 10; Fig. 3 a and
b), with the 130-bp fiagment being specific for c and the
165-bp fiagment being specific for other c-locus alleles (C,
cch, and ce4H). Amplification ofRNA samples gave ratios (for
165 bp/130 bp: 30 cycles, 1.0-1.3; 40 cycles, 1.5-2.3, deter-
mined by PhosphorImager scanning) similar to those for
genomic DNA prepared from heterozygous c44'/c mice (30
cycles, 1.0-1.3; 40 cycles, 1.6-1.7). We diluted the final PCR
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FIG. 3. Tyrosinase gene expression is not affected by C44. (a)
Scheme depicting the strategy to discern the c-locus alleles by
digestion with Dde I and Southern blot analysis. Location of Dde I
sites in exon 1 is indicated (in base pairs); the Dde I site present in
the albino mutation is marked by an asterisk (10). Primers 2 and 3 and
the probe pTYO.13 are shown below the restriction map. (b) Eyes of
4-day-old heterozygous mice (4H/c) were analyzed for expression
ofthe tyrosinase gene by PCR ofcDNA synthesized from total RNA.
Both a short and a longer exposure of the same autoradiograph are
shown. The c44H-specific fragment runs at 165 bp, and the band
corresponding to c runs at 130 bp. In lanes 3, 5, and 6, the upper band
(165 bp) is overrepresented due to the formation of heterodimeric
DNA (19), which is not cut byDde I. Samples from amplified plasmid
and genomic DNAs were run on the same gel. Lane 1, control PCR
(40 cycles) was performed on total RNA (mouse 1) without reverse
transcriptase; lanes 2 and 3, 30 and 40 cycles, mouse 1, c44H/c; lanes
4 and 5, 30 and 40 cycles, mouse 2, c#H/c; lane 6, genomic DNA of
mouse 1 c44/c; lane 7, genomic DNA of c/c; lane 8, plasmid TyBS
(C), uncleaved; lane 9, plasmid TyBS (C). (c) Northern blot analysis
of total RNA (20 pg) isolated from skin of 3-day-old mice. Lane 1,
albino (c/c); lane 2, dark-eyed heterozygous, (c44H/c); lane 3,
dark-eyed homozygous (c4H/cw441).

mixture (40 cycles) 1:200 and performed one additional PCR
cycle (19), which then resulted in a 1:1 ratio in genomic DNA
and cDNA. This suggested that, in heterozygous (c44H/c)
animals, both c-locus alleles were equally expressed. Addi-
tionally, we performed a Northern blot analysis, which
showed no difference in tyrosinase RNA present in skin of
homozygous albino (c/c), homozygous dark-eyed (c4H/
c441), or heterozygous (c44I/c) mice (Fig. 3c). We therefore
conclude that RNA levels generated from c44H and c are not
different and that the mutation does not act on the level of
transcription.
The c'H Tyrosinase Gene Contains a Point Mutation. Ac-

cording to the results presented above, we considered it
likely that the mutation was due to an aberrant tyrosinase
gene. To discover this mutation we sequenced the tyrosinase
cDNA from homozygous c"H/c"H mice. We used PCR to
amplify cDNA and genomic DNA from dark-eyed albino
mice with primers flanking the coding sequence ofthe mouse
tyrosinase gene. PCR products were subcloned in plasmid
vectors and sequenced. When compared with the wild-type
tyrosinase gene, one single base change was found in several
independent experiments (Fig. 4a): a G -- T substitution at
base +519 which causes a change from serine to isoleucine at
amino acid 128. This event destroys an Alu I restriction
enzyme site (AGCT to ATCT) in exon 1 of the tyrosinase
gene. Alu I thus cleaves once (+225) when exon 1 of the
tyrosinase gene is derived from c44H mice, and twice (+225
and +518) when it is derived from wild-type (C) or albino (c)
mice. This polymorphism allowed us to confirm the presence
of the mutant in several independent mice by restriction
enzyme digestions of PCR-amplified products (Fig. 4b). We
therefore conclude that the C44H tyrosinase gene contains a
point mutation at position +519.
The Mutation Is Sufficient to Generate the Dark-Eyed

Albino Phenotype. Having identified a point mutation in the
gene we asked whether it represented the molecular basis for
the decreased pigmentation. Preliminary experiments using
in vitro translation showed that the mutant gene was able to
produce a full-length tyrosinase protein (unpublished data).
We therefore tested the function of the mutated tyrosinase
gene in vivo by using transgenic mice. Such experiments have
shown that tyrosinase minigenes introduced into mice do
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FIG. 4. The e4H tyrosinase gene contains a point mutation. (a)
Section of sequencing gel showing the sequence difference between
wild-type (C/C) and homozygous dark-eyed albino (cH/c44HI). (b)
The c'"H mutation removes a Alu I restriction site (AGCT) from the
tyrosinase gene. Ethidium bromide-stained gel of Alu I-digested
PCR-amplified DNA from NMRI/Han mice (c/c; lane 1), heterozy-
gous dark-eyed albino mice (c44H/c; lanes 2 and 3), and a wild-type
tyrosinase minigene (TyBS; C; lane 4). Amplification with primers 2
and 3 results in fragment lengths of 310 bp in O44H and 289 bp and 21
bp (not shown) in albino and wild type.
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rescue the albino phenotype. The resulting transgenic mice
are pigmented to a varying degree in skin, fur, and eyes (9,
12, 23, 24). We used the construct TyBS (kindly provided by
Paul Overbeek, Howard Hughes Medical Institute, Hous-
ton), which is composed of 2.25 kb of tyrosinase 5' sequence
coupled to tyrosinase cDNA. Expression from this construct
was reported for a high percentage (about 80-90%) of trans-
genic mice (9, 25). Using TyBS, we obtained 4 pigmented
mice among 5 transgenics (Fig. 5). When we injected a
mutated version of the minigene (TyBSmutS19; Fig. 5), none
of the 52 newborn mice was pigmented. Southern blot
analysis revealed that 7 of them were transgenic with copy
numbers from about 1 to 20 (Fig. 5). Even after 4 months none
of the founders showed signs of pigmentation in eyes. How-
ever, looking at isolated eyes under a dissecting microscope
revealed pigmentation in animals from two lines (Fig. 6). This
demonstrated that the mutant transgene was functional and
could lead to pigment production. This weak pigmentation in
2 out of 7 transgenic lines in comparison with the wild-type
transgene (4 out of 5 lines expressed the transgene in eye
and/or skin) corresponds to the reduced pigmentation of
dark-eyed albino mice. We therefore conclude that the char-
acterized point mutation is both responsible for and sufficient
to generate the dark-eyed albino phenotype.

DISCUSSION
In humans, absent or reduced activity of tyrosinase is known
as the genetic disorder of type I OCA (15, 16, 26). Whereas
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FIG. 5. Transgenic mice generated with a mutated tyrosinase
minigene. (a) The tyrosinase minigene TyBSmut5l9 used for micro-
injection. The region exchanged from TyBS (wild type, wt) is
indicated. Coding sequence ofTyBSmut519 is shown as an open box,
and upstream sequence as a thick line. K, Kpn I; H, HindIII; B, Bgl
II; S, Sph I; E, EcoRI. (b) Table comparing obvious pigmentation in

mice generated with TyBS and TyBSmut519. (c) Southern blot of
HindII-digested DNA from transgenic (line 310, lane 3) and non-
transgenic (lanes 1 and 2) mice. The transgene-specific band of 2 kb,
predicted by head-to-tail integration of the transgene, is indicated by
a star. The additional transgene-specific upper band (4 kb) is pre-
sumably due to inverted orientation of the transgene. In DNA from
nontransgenic mice (first two lanes), only the endogenous fragments
corresponding to exon 1 (4.8 kb) and exon 2 (8.0 kb; faint band at top;
see Fig. 2) are detected.
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FIG. 6. Pigment production in eyes of a mouse transgenic for
TyBSmut519. (a) Eye of a 4-month-old transgenic mouse (line 310).
Pigmentation is visible in the iris and the ciliary epithelium. (b) Eyes
of a nontransgenic mouse (above) and a transgenic mouse (below,
line 310). No pigment is present in the eye ofthe nontransgenic albino
mouse.

type IA OCA is tyrosinase-negative, type IB OCA is char-
acterized by greatly reduced tyrosinase activity and little or
no pigment at birth. DNA analyses of patients with type I
OCA have demonstrated that mutations in the tyrosinase
gene constitute the basis of these disorders, and a series of
different allelic mutations ofthe human tyrosinase gene have
been identified in patients with type I OCA (15, 16, 26). In
mouse, the situation is different. Besides radiation-induced
deletions of the c locus (e.g., C14 CoS; refs. 7, 17, and 27) only
a few specific mutations have been analyzed (albino, chin-
chilla, and himalayan). These are all caused by point muta-
tions in the coding region (3, 28). Results indicate that the
c-locus mutation chinchilla-mottled is caused by a rearrange-
ment in the tyrosinase 5' flanking sequence and thus affects
levels of transcription (20).
Dark-eyed albino is characterized by marked reduction but

not an absence of melanin synthesis (refs. 13 and 14; Fig. 1).
Low amounts of pigment are present both in neural crest-
derived melanocytes and in the pigment epithelium of the
retina. This excludes a mutation in a putative cis element
responsible for specific expression in neural crest-derived
melanocytes. Our results show that in the c44H tyrosinase
gene, neither the 5' region is rearranged nor the expression
reduced (Figs. 2 and 3). Sequence analysis depicted a point
mutation in exon 1. Experimental prooffor the importance of
this mutation came from reintroducing it back into mice. The
mutated tyrosinase transgene did not lead to obvious pig-
mentation in albino mice, and decreased pigmentation could
be detected in eyes of only two lines (Fig. 6). The lower
pigmentation in transgenic TyBSmutS19 versus dark-eyed
albino mutant mice fits to the results obtained with different
tyrosinase minigenes (9, 12, 23, 25, 28, 29), and it has been
shown recently that wild-type pigmentation in tyrosinase-
transgenic mice seems to require much more upstream se-
quence (30).

Mutations leading to decreased tyrosinase expression in
humans (type IB OCA) are rare compared with those leading
to complete loss of pigment (type IA OCA). The three
identified mutations are in exon 2 and exon 4 of the human
tyrosinase gene, and the exon 2 mutation seems to be the
most frequent cause oftype IB OCA in the general Caucasian
population (15, 16, 26). The mutation that we have charac-
terized is a mutation in tyrosinase exon 1 which alters but
does not abolish pigment production. All other characterized
mutations in exon 1 of the tyrosinase gene abrogate expres-
sion and infer a complete albino phenotype. The c44H muta-
tion at codon 128 cannot be allocated to one of the important
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domains of the tyrosinase protein (5). Since mutations such
as albino affecting, for example, the copper-binding domain
in exon 1, cause lack of enzyme activity, we suggest that the
effect of the mutation is only subtle, since, otherwise, pig-
ment production would be totally abolished. How such single
amino acid changes affect the function of the protein and
thereby influence production and deposit of pigment is not
clear and requires further studies.
A mouse model for type 1B OCA offers the possibility to

analyze the effect of decreased but not abolished tyrosinase
activity and pigment production in vivo. This may include
analyses on hearing function in the ear, where melanocytes
have been shown to be important (31, 32). Transgenic m'ouse
models for melanoma formation have been reported with
development ofmelanotic tumors being related to production
of pigment (33, 34). The dark-eyed albino mouse enables
analyses of how melanosis or melanoma formation are influ-
enced by reduced pigment production.

We thank Bruce Cattanach for providing C44H mice, Paul Overbeek
for the construct TyBS, Gunther Schfitz and Siegfried Ruppert for
helpful suggestions, and Edith Hummler for comments on the
manuscript. The work was supported by Grant 31-36003.92 (to F.B.)
from the Swiss National Science Foundation.
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