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ABSTRACT Visible pigmentation in mammals results
from the synthesis and distribution of melanin in the
skin, hair bulbs, and eyes. The melanins are produced in
melanocytes and can be of two basic types: eumelanins,
which are brown or black, and phaeomelanins, which are
red or yellow. In mammals typically there are mixtures of
both types. The most essential enzyme in this melanin bio-
synthetic pathway is tyrosinae and it is the only enzyme
absolutely required for melanin production. However, re-
cent studies have shown that mammalian melanogenesis
is not regulated solely by tyrosinase at the enzymatic
level, and have identified additional melanogenic factors
that can modulate pigmentation in either a positive or
negative fashion. In addition, other pigment-specific
genes that are related to tyrosinase have been cloned
which encode proteins that apparently work together at
the catalytic level to specify the quantity and quality of
the melanins synthesized. Future research should provide
a greater understanding of the enzymatic interactions,
processing, and tissue specificity that are important to
pigmentation in mammals. — Hearing, V. J.; Tsukamoto,
K. Enzymatic control of pigmentation in mammals.
FASEB J. 5: 2902-2909; 1991.
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PIGMENTATION IN ANIMALS IS VARIED, and often strikingly
beautiful. In birds, most feather coloration is due to the
presence of carotenoid pigments (recently reviewed, see ref
1), whereas in mammals most visible pigmentation results
from the synthesis and distribution of melanins. Melanins
are heterogeneous biopolymers produced by specialized den-
dritic cells, termed melanocytes, which are located primarily
in the skin, hair bulbs, and eyes (reviewed in refs 2, 3). Be-
sides their function in protective coloration and sexual at-
traction within species, melanins play a crucial role in the
absorption of free radicals generated within the cytoplasm
and in shielding the host from various types of ionizing radi-
ations, including UV light. That latter role unfortunately
seems destined to become even more critical due to the
alarming predicted increases in incident UV at the Earth’s
surface.

The regulation of pigmentation in mammals is controlled
at many different levels, and is quite complex at each level.
In the mouse, for example, more than 150 different muta-
tions have been identified which affect pigmentation, and
these occur at more than 50 distinct genetic loci. Melano-
cytes are initially derived from the neural crest and migrate
throughout the embryo during development; these migration
patterns are under strict genetic control and can lead to some
interesting patterns when the final distribution of melano-
cytes in the skin is not uniform, such as in zebras, giraffes,
piebald animals, and so on. Pigmentation is also regulated
at the cellular level: melanocytes synthesize melanin within
discrete organelles, termed melanosomes, which can be
produced in varying sizes, numbers, and densities. The
melanosomes are then passed on, in skin to keratinocytes
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and in hair bulbs to the hair shaft, where the final distribu-
tion patterns of the pigment are determined. This distribu-
tion plays an important role in determining color; note for
example the variety of colors in the skin, hair, and eyes of hu-
mans. Last, melanogenesis is regulated at the subcellular
level where the synthesis and expression of various melano-
genic enzymes and inhibitors play a critical role.

Melanocytes are influenced by a variety of extracellular
factors which determine not only whether melanin is synthe-
sized, but what type of melanin is made. Perhaps the most
commonly known melanogenic stimulus is melanocyte-
stimulating hormone (MSH),® a peptide produced by the
posterior pituitary. After MSH binds to melanocyte surface
receptors, dramatic (up to 100-fold) increases in melanogen-
esis follow, at least in murine systems and lower vertebrates
(cf. Discussion below, and reviewed in refs 4, 5). Melanocyte-
stimulating hormone elicits the production of eumelanins
rather than phaeomelanins (6-9) and a mechanism (or
mechanisms) involved in those responses are still under
study. Melanocytes work in close harmony with their neigh-
boring cells in the epidermis by producing the melanosomes
to be phagocytosed and distributed within keratinocytes, and
by responding to various cytokines the keratinocytes
produce, such as growth factors, prostaglandins, interleu-
kins, and interferons (10-14). Presumably these provide the
complex signals that stimulate pigmentation after trauma,
UV exposure, or other environmental stimuli that induce al-
terations in levels of pigment production. Although it is not
the topic of this review, stimulation of mammalian melano-
genesis may be commonly mediated through increased ex-
pression of surface MSH receptors; such a mechanism has
been implicated in response to interferons (13), UV light
(15), and substrates (16).

It is the purpose of this review to summarize recent studies
that have elaborated the complexity of the regulation of
melanin synthesis at the enzymatic level, and to integrate
those results with the cloning and sequencing of a family of
tyrosinase-related, pigment-specific genes that work together
at the catalytic level to specify the quantity and quality of
melanins produced by mammalian melanocytes.

MELANIN BIOSYNTHESIS AND REGULATORY
FACTORS

It has been known for some time that the copper-containing
enzyme tyrosinase (E.C. 1.14.18.1) is essential to melanin for-
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mation (reviewed in refs 17-19). Tyrosinase is an unusual en-
zyme that can catalyze three different reactions in the bio-
synthetic pathway of melanin (Fig. 1): 1) the hydroxylation
of tyrosine to 3,4-dihydroxyphenylalanine (DOPA); 2) the oxi-
dation of DOPA to DOPAquinone; and 3) the oxidation of
5,6-dihydroxyindole (DHI) to indole-quinone. The first of
these activities is the most critical biologically because the re-
mainder of the reaction sequence can proceed spontaneously
at physiological pH. It has recently been found that many
other reactions in the biosynthetic pathway of melanin for-
mation are under active regulatory control (cf. below), but
there is no doubt that the activity of tyrosinase is the most
essential, i.e., rate-limiting, to the process. The melanins
produced can be of two basic types: I) eumelanins derived
from the metabolites of DOPAchrome; and 2) phaeomela-
nins derived from metabolites of cysteinylDOPA (reviewed
in refs 20, 21). The mixed-type melanins usually found in
humans are mixtures of the eu- and phaeomelanins in differ-
ent proportions (3, 22). Although it was originally postulated
that the eumelanins consisted of a homogeneous polymer of
indole-quinone, this has since been disproved. It is now
known that melanins are heterogeneous polymers with
subunits consisting of all of the cyclized derivatives of
DOPAquinone (Fig. 1), perhaps including DOPAquinone
itself.

It is thought that the primary determinant of whether
phaeomelanins rather than eumelanins will be synthesized is
the availability of sulfhydryls; when present, glutamine or
cysteine will be quantitatively bound to DOPAquinone as
quickly as it can be generated (23). By implication, enzymes
that influence the metabolism of these sulfhydryls play a role
in regulation of melanogenesis (24). Because the melano-
some is a membrane-bound intracellular organelle, the in-
tramelanosomal concentration of melanogenic substrates
may be regulated in part by the melanosomal membrane,
although tyrosine uptake through that membrane is not so
regulated (25). One can see the effects of various switches in
the pathway on the hair color of mice (cf. Fig. 1). Wild-type
mice are termed agouti, and bands of eu- and phaeomelanin
alternate in their hair. Some mutations in mice elicit the
production of phaeomelanin only, such as lethal yellow (AY/-)
or recessive yellow (e/e, not shown). Nonagouti (black) animals
(a/a) produce only eumelanin which typically appears uni-
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formly black, unless other mutations also occur, such as
brown (b/b) or albino (c/c), where the quality and quantity of
melanin produced is further modified.

In addition, other critical regulatory steps operate in eu-
melanin synthesis after the activity of tyrosinase. These in-
clude catalytic activity which results in the production of
DHICA rather than DHI, which will be spontaneously
generated from DOPAchrome in the absence of such an en-
zyme (reviewed in ref 26). This catalytic activity was origi-
nally termed DOPAchrome conversion factor (27), later
named DOPAchrome oxidoreductase (28, 29), then
DOPAchrome isomerase (30), and finally DOPAchrome tau-
tomerase (E.C. 5.3.2.3) (31). In light of the fact that this latter
name is the most accurate and specific, it is the one we will
use in this review, but readers might want to remember that
it has aliases in the literature. To further complicate this
aspect of the discussion, the same catalytic activity toward
DOPAchrome can be elicited by the action of certain diva-
lent transition metal cations, such as Co?*, Cu?*, or Ni?*
(32,33). Which activity is actually relevant biologically (en-
zyme vs. metal) is still in dispute, although it is only fair to
mention that they are not mutually exclusive. It is not yet
clear what structural or functional differences exist between
DHI-derived melanins and DHICA-derived melanins, but
they must be significant because DHI-melanin is black and
flocculent whereas DHICA-melanin is yellowish-brown and
finely dispersed (31). DOPAchrome tautomerase occurs in
melanosomes complexed with tyrosinase, and perhaps other
melanosomal membrane proteins (34, 35). It has also been
reported recently that peroxidase can utilize DHI as a sub-
strate (36), and its potential role in melanogenesis is under
active study.

The final type of activity that significantly influences
mammalian pigmentation are the melanogenic inhibitors.
Tyrosinase uses the ubiquitous amino acid tyrosine as a sub-
strate, and virtually any peptide or protein with an exposed
tyrosine or phenylalanine residue can function as a competi-
tive inhibitor. There is also a variety of exogenous inhibitors
of pigment production that act by inhibiting tyrosinase or in-
terfering with the normal formation of the polymer
(reviewed in ref 37). Of more interest in the metabolic regu-
lation of melanogenesis are the naturally occurring inhibi-
tors endogenous to melanocytes. Several have been purified

Figure 1. The melanin synthetic pathway in
mammals. The chemical pathway for the
production of eu- and phaeomelanins in mam-
malian melanocytes (as cited in the text). Note
that tyrosinase can utilize three different sub-
strates (tyrosine, DOPA, DHI) to catalyze three
different reactions. The conversion of
DOPAchrome into DHI (which occurs spon-
taneously) can be diverted to DHICA in the
presence of DOPAchrome tautomerase or cer-
tain metal cations. Melanogenic inhibitors can
interfere with melanin production at numerous
points in the pathway, and there is some evi-
dence that peroxidase can also utilize DHI as a
substrate to produce melanin. Examples of mice
with different coat colors have been strategically
arranged on the chart to indicate the point of the
pathway most relevant to their phenotype - al-
bino (top left), lethal yellow (top right), agouti (bot-
tom right), black (middle left), brown (bottom
left).

2903



and partially characterized (38-40). These inhibitors inter-
fere with the production of melanin at various stages,
although their exact mechanisms of inhibition have not been
elucidated fully. There is no doubt that such inhibitors play
a critical role in pigmentary disorders of hypopigmentation
where active tyrosinase is present although no melanin is
synthesized, as for example in tyrosinase-positive albinism
(41). The role of these inhibitors in regulating basal levels of
melanin synthesis is also under intense study.

PHYSICAL CHARACTERISTICS AND
MELANOGENIC REGULATION

The intracellular pathway for synthesis and processing of
tyrosinase in melanocytes has been well characterized
(reviewed in refs 17, 18). After synthesis, tyrosinase is
glycosylated en route to and within the Golgi and subse-
quently delivered to melanosomes via coated vesicles.
Tyrosinase is functionally active within the smooth endoplas-
mic reticulum, Golgi, and coated vesicles, but the mechan-
ism whereby it is inactivated until delivery to the melano-
some has always been a puzzle. Another missing piece of that
puzzle is that DOPA, in addition to being the product of the
initial reaction (tyrosine hydroxylation), is a necessary cofac-
tor for the reaction. DOPA is not a natural amino acid; it is
not clear how tyrosinase is initially activated. The first part
of the puzzle has been solved, although the mechanism has
not yet been completely clarified. We now know that an inhi-
bitor is present in the nonmelanosomal organelles of the
melanocyte which precludes melanin formation there (38,
39). The question regarding the mechanism of initial activa-
tion of tyrosinase in the absence of exogenous DOPA may
arise because mammalian tyrosinase can be activated by fer-
rous ions to hydroxylate tyrosine in the absence of DOPA
(42). This important observation regarding the potential role
of iron in the catalytic activity and function of tyrosinase will
be discussed further.

The known physical characteristics of tyrosinase and of
DOPAchrome tautomerase are summarized in Table 1.
These two enzymes have very different characteristics with
the obvious exception of their melanocyte specificity. The
gene for mammalian tyrosinase has now been cloned as has
that for DOPAchrome tautomerase (cf. later discussion of
various pigment-related genes).

TABLE 1. Physical characteristics of melanogenic enzymes

Melanocytes can be stimulated to differentiate and synthe-
size pigment by several mechanisms. Consequently, a
natural area for study has been to examine how such
responses are mediated at the catalytic level. Many studies
have shown that melanin production can be increased dra-
matically by MSH, UV light, or agents that mimic those
responses (4, 5, 43-45). The primary manner of activation
of melanogenesis is by stimulation of preexisting tyrosinase
activity within the melanocyte (46-51). Expression of
tyrosinase mRNA and synthesis of the protein increase two-
to threefold within several days of melanogenic stimulation,
whereas catalytic activities typically increase 20- to 100-fold
during the same period. The presence of melanogenic inhibi-
tors are consistent with this inactive pool of tyrosinase. If
levels of the inhibitor are reduced after melanogenic stimula-
tion, with continued or slightly increased levels of tyrosinase
synthesis, this would soon lead to the dramatic increases seen
in pigment synthesis. Melanocyte-stimulating hormone will
increase the activity of DOPAchrome tautomerase (26, 52).
The lack of direct correlation between tyrosinase synthesis
and expression and pigment production has also been no-
ticed in other studies where tyrosinase is often expressed
(typically in normal quantities) in amelanotic melanocytes
(40, 53-55).

Although our intent is not to detail the mechanisms in-
volved in melanogenic responses to stimulation by MSH, it
may represent the only major difference detailed between
murine and human pigmentation. It is well documented that
MSH stimulates melanogenesis dramatically in murine
melanocytes both in vivo and in vitro (reviewed in refs 4, 5).
This is mediated through binding of MSH to surface recep-
tors, internalization of the complex, and activation of protein
kinase A activity in the classical manner. Immediate in-
creases in CAMP occur, and alternate inducers of this path-
way (e.g., isobutylmethylxanthine [IBMX] or cholera toxin)
have similar effects. In human melanocytes, which express
surface MSH receptors and respond to MSH by increases in
cAMP (56, 57), there is not accompanying increase in pig-
mentation (although one has been reported recently; ref 58).
It has recently been shown that human melanocytes can be
induced to produce pigment by stimulation of the protein
kinase C pathway (59), mediated through the diacylglycerol
messenger, thus the mechanism of melanogenic stimulation
may be significantly different between human and murine
melanocytes. This point is under intense scrutiny now as it

Property Tyrosinase DOPAchrome tautomerase
Specificity Melanocyte Melanocyte
Molecular weight 65,000 (de novo) 46,000 - 80,000
75,000 (glycosylated) (in dispute)
Isoelectric point 4.3 Unknown

Catalytic activity

Half-life

Miscellancous

Tyrosine = DOPA
DOPA — DOPAquinone
DHI = Indole-quinone

4-10 h (in vivo)

Heat-stable
Protease-stable
Chelator-sensitive
Glycosylated
Membrane-bound

Metal chelator-sensitive
DOPA cofactor-dependent

DOPAchrome = DHICA

Unknown

Heat-sensitive
Protease-sensitive
Chelator-insensitive
Glycosylated
Membrane-bound

Metal chelator-insensitive
DOPA cofactor-independent
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represents the known major difference between murine and
human melanogenic systems.

MOLECULAR BIOLOGY OF TYROSINASE

Tyrosinase represents the critical regulatory point in the
pathway of melanin formation (as outlined previously) and
is the key lesion in many types of albinism. Because of its
prominent role in the modulation of visible pigmentation
and its potential application as a genetic marker, there has
been tremendous interest in the cloning of its gene. The
genes for tyrosinases from nonmammalian.species (reviewed
in ref 60) had been available for some time, and have served
as useful tools for structural and functional studies. Because
primary sequence data for mammalian tyrosinase were not
available, the direct approach of synthesizing probes by
which the mammalian gene could be identified and isolated
was not useful. Various laboratories used alternative and in-
direct approaches to clone that gene, and several candidate
clones were obtained from murine and human systems
(61-65). Unexpectedly, several putative but distinct clones
were identified which shared significant sequence homology.
More important, each clone encoded a protein that had
many properties predicted for tyrosinase, including, for ex-
ample, melanocyte specificity, correct size, transmembrane
region, two potential copper binding domains, and multiple
glycosylation sites (cf. Table 1, and reviewed in ref 60). A
model consistent with those features which shows the con-
served areas of the primary strucutres of proteins encoded by
three of those genes is shown in Fig. 2.

The Albino locus

The albino locus has historically been proposed as the struc-
tural locus for tyrosinase, because of the dramatic lack of
pigment produced by mutations at that locus (cf. Fig. 1).
cDNAs which mapped to the albino locus were originally
cloned from murine (64) and human (63) melanocytes. The
original sequence reported for the murine gene was a prema-
turely truncated version of the full-length transcript, and the
full sequence has been subsequently published (53, 66, 67).
The albino gene in mice (and its human homolog) is com-
posed of five exons and four introns, and is predominantly
untranslated material. In mice the gene is ~70 kb (68) and
in humans it is >35 kb (69). The procesed mRNAs are
~2.4 kb in length. Thus, the precursor mRNA must be
" processed to delete the introns. This splicing is not always ac-
curate, and misspliced mRNAs (10-40% of the total) are
generated which translate into altered proteins (68, 70, 71).
This may represent an important regulatory step. The al-
tered proteins are not competent catalytically but whether
they fulfill some other role in the melanocyte, such as a com-
petitive inhibitor, has not yet been determined. Although the
albino gene is present as a single copy (on chromosome 7 in
mice and on chromosome 11 in humans), in situ hybridiza-
tion shows (72) that there is a second site (also on human
chromosomes 11) that is partially homologous. This second
site has now been shown to be a pseudogene (69) of exons 4
and 5 of the authentic gene. The fact that the albino protein
is expressed in melanocytes has been confirmed with anti-
bodies generated against synthetic peptides that correspond
to the amino and carboxyl termini predicted by the nucleic
acid sequence (73).

The ability of the protein encoded by the albino gene to
function as tyrosinase has now been shown by several ap-
proaches. Initially, transfection of the gene into tyrosinase-
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Figure 2. Structural model of tyrosinase-related proteins. A model
consistent with computer predictions of secondary folding has been
generated from the primary structure conserved in murine albing
brown and slaty locus encoded proteins (as cited in the text); the
major constraint placed on the model has been the structure of the
copper binding site, which has been determined by crystallography
for lower forms of tyrosinase (100); this binding depends on 3 histi-
dines in highly conserved regions to bind to each copper atom - the
importance of histidines in such binding has also been shown for the
mammalian enzyme (101). 15 of the 16 cysteine residues have been
conserved in all three proteins, as have 7 of the 8 tryptophans; these
residues are thought to be important for enzyme structure and sta-
bility, as well as for catalytic function. Little homology is present at
the termini, including the transmembrane region and cytoplasmic
determinant. The two potential iron-binding domains (77) are indi-
cated, and the two cysteines critical to enzyme function that are al-
tered in the albino and brown mutations (83, 98) are in the iron-
binding domain at the bottom left. The three areas where there are
minor sequence deletions (1-5 residues) between the proteins are in-
dicated by the dotted lines (--).

deficient cells produced tyrosinase activity (54, 68). It was
shown that both the full-length and correctly spliced mRNA
encoded active tyrosinase, and that several aberrantly spliced
mRNAs encoded proteins that were catalytically incompetent
(66). Subsequently, minigenes (with the tyrosinase coding se-
quence and a competent regulatory sequence) were used to
produce transgenic mice (74-76). Although the transgenic
animals were not fully and normally pigmented, there were
dramatic increases in pigmentation and the pigmentation
was specifically restricted to melanocytes. As the regulatory
sequence used to construct the minigene was derived from
the authentic 5' flanking region of the tyrosinase gene, that
regulatory sequence is probably critical and sufficient for the
tissue-specific expression of tyrosinase. The ability of the
albino locus-encoded protein to function catalytically as
tyrosinase has also been shown by immunopurification (73,
77). There is no doubt that the albino locus encoded protein
is tyrosinase, and that its function is crucial to pigment
production. Whether it is the sole protein that can perform
as a tyrosinase, and exactly how it interacts with other
melanogenic proteins, are still unclear. Although expression
of albino locus-encoded tyrosinase is absolutely necessary for
pigment production, it is not the only regulatory deter-
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minant, as some melanocyte lines with normal expression of
either the tyrosinase mRNA or protein are unpigmented
(53-55). Similarly, although melanogenic agents that stimu-
late pigmentation typically increase the transcription and
translation of the albino gene two to threefold (51, 66), such
stimulations cannot explain the much greater increases in
tyrosinase activities. This implies that other control points in
the pathway are also critical to the regulation of melanogene-
sis (as described previously).

The effects of mutations, either natural or induced, on the
structure and function of proteins encoded by the mutated
gene can provide important insights into the mechanisms of
biologic processes. Mutations at the albino locus can lead to
dramatic changes in pigmentation. Initial studies in this field
depended heavily on animals with mutations at pigment-
related loci, but recently, immortalized melanocyte cell lines
derived from coat color mutants have become available
which have made more definitive studies possible (78, 79).
Studies of several mutations at the albino locus, including
Himalayan and chinchilla, have shown that these mutant
melanocytes produce tyrosinases with significantly altered
properties. In the albino mutation, catalytic activity is virtu-
ally lost. In the Himalayan (c!), there is an alteration in
glycosylation which results in a temperature-sensitive pheno-
type. In chinchilla (c"), there is an increased sensitivity to
proteolytic inactivation, and thus a decrease in enzyme func-
tion (78). The mutations that elicit these changes are now be-
ing detailed (74, 80-82) and should be invaluable for under-
standing the functional properties of the enzyme.

Perhaps the most dramatic recent revelation is a point mu-
tation which changes a conserved cysteine to a serine in the
first cysteine-rich domain of tyrosinase (83). This is the exact
amino acid change responsible for the albino phenotype in
mice. That single change in primary structure causes the vir-
tually complete loss of catalytic function. Whether this
results from an alteration in secondary structure, loss of me-
tal binding activity, or some other factor, has not yet been de-
termined. However, in light of the virtually identical nature
of the point mutation which causes the brown phenotype (cf.
later), there can be no doubt that future studies will be
directed at this domain which appears to be so critical to its
activity. All strains of albino mice examined had this same
mutation; presumably all were derived from the same initial
mutation (83).

Naturally there has been tremendous interest in defining
mutations critical to tyrosinase activity in humans. To date,
many different mutations in oculocutaneous albinos have
been described, all of which appear to result in loss of
tyrosinase activity and thus in melanin production. The mu-
tations now number in the dozens, occur at various areas on
the enzyme (i.e., they are not confined to a single region or
domain), and result from a variety of mechanisms, including
point mutations and insertions, which occur in either the
structural or the promoter region of the gene (84-88). In hu-
mans and mice, nondestructive polymorphisms have been
described also.

OTHER PIGMENTATION-SPECIFIC GENES AND
PROTEINS

The Brown locus

The first cloned pigment-related gene proposed to be the
structural locus for tyrosinase (61) was quickly mapped to the
brown locus on chromosome 4 in the mice (65, 89). The struc-
ture and organization of this gene is remarkably similar to
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the albino gene, and the predicted protein has all of the fea-
tures characteristic of tyrosinase (reviewed in ref 60). There
is only a single copy of this gene in the genome, and the
homologous gene has now also been identified and cloned in
humans (90, 91). In general, there is about 90% sequence
identity between the brown protein expressed by murine and
human melanocytes (this is similar to the conservation found
between murine and human tyrosinase), and there is about
55% nucleic acid identity overall between the brown and al-
bino genes (and about 43% primary sequence identity). The
conservation of residues is especially high in several areas of
these melanogenic proteins thought to be important to their
structure and function (such as the copper binding and cys-
teine rich domains). The high conservation of sequence in
putative copper binding regions is noted not only in mam-
malian tyrosinases, but also in those from lower species (see
ref 60 for review). Similarity is almost completely absent
elsewhere, such as in the transmembrane region and
cytoplasmic determinant (Fig. 2). The brown locus gene (~18
kb in mice) is broken into 8 exons and 7 introns, an alterna-
tive processing occurs with this gene, as it does with the albino
gene (92, 93).

The specific function of the brown locus encoded protein is
not altogether clear. Phenotypically, we can see that a muta-
tion at this locus causes the production of brown rather than
black melanin, but what this means chemically or enzymati-
cally is undefined. Nevertheless, it is obvious that whatever
the role of the brown protein, it must somehow elicit the
production of black (vs. brown) melanin in animals (cf. Fig.
1). The brown protein has been postulated to be: 1)
DOPAchrome tautomerase (65), 2) DHI conversion factor
(53); 3) a melanosomal specific catalase (77); or 4) another
tyrosinase (73, 94). The substrates and products of reactions
catalyzed by the brown protein have not yet been identified
conclusively, and the question remains open. The brown
protein is present in a higher quantity (typically ~10-fold)
in melanocytes compared with the albino protein. These
proteins are expressed in similar relative quantities by hu-
man melanocytes (91, 95). No human mutation of the brown
locus has been identified. But now that the human gene has
been cloned and sequenced, one may appear soon. It is also
an indication of the important function of this protein that
there is typically a better correlation of its expression with
visible pigmentation than there is with the expression of the
albino protein, which suggests that it might serve to stabilize
or activate synergistically the albino protein (96; K. Tsukamoto,
K. Urabe, and V. J. Hearing, unpublished results).

There are multiple mutations at the brown locus in mice,
and several are actively being studied, including cordovan
(b°) and light (B) (97). As with the albino mutation, the crit-
ical molecular lesion resulting in the brown phenotype has
been identified (98). Brown results from a point mutation
that leads to the replacement of a conserved cysteine residue
with a tyrosine. The critical substitution occurs in the first
cysteine-rich domain of the protein, only three residues away
from the mutation site in albino mice (cf. legend to Fig. 2).
This could be coincidence, but in light of the recent
proposals that these cysteines may be involved in an iron
binding site (77), and that iron may be critical to tyrosinase
activation (42), the importance of this domain to the struc-
ture and function of these pigment-related proteins is sure to
draw much interest in the coming years. As with the basic
albino mutation, all brown mice from numerous different
strains have the same sequence mutation. Presumably, all
brown mice are derived from the same original mutation
(65).
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The Slaty locus

The clone identified by Jackson (originally termed 5A (65),
but now called TRP2) which was initially thought to be iden-
tical to the brown locus gene, has now been identified as a dis-
tinct gene, but one that shares significant sequence homol-
ogy with tyrosinase (I. J. Jackson, D. M. Chambers, K.
Tsukamoto, N. G. Copeland, D. J. Gilbert, N. A. Jenkins,
and V. J. Hearing, unpublished results). This gene has been
definitively mapped to chromosome 14 and assigned to the
slaty locus. It has features in common with the brown and al-
bino genes, including a transmembrane region, highly con-
served putative copper binding sites, two conserved cysteine-
rich domains, potential glycosylation sites, and a signal pep-
tide. The size of the protein encoded by this gene (~75-80
kDa) is somewhat larger than the products of the albino and
brown loci. This gene has now been shown to function as
DOPAchrome tautomerase (K. Tsukamoto, I. Jackson, K.
Urabe, P. M. Montague, and V. J. Hearing, unpublished
results).

The Silver locus

Another clone with significant homology to the tyrosinase
gene was originally termed Pmell7-1 (63). The expression of
its mRNA was specific for melanocytes, it could be induced
with MSH (again ~ twofold) or IBMX, and its abundance
correlated well with pigmentation (62). The protein encoded
by this gene is homologous to that encoded by the albino
locus. The protein has a predicted molecular weight similar
to tyrosinase ( ~70 kDa), putative glycosylation sites and a
transmembrane region (99). There is approximately 95%
identity between the sequence of the human and the murine
protein. This gene has been definitively mapped to chromo-
some 12 in humans and to chromosome 10 in mice, and has
been tentatively assigned to the silver locus of mice. The func-
tion of this protein is unknown, but it is also a candidate for
melanogenic enzyme activity.

FINAL COMMENTS

The molecular biology of pigmentation has become both in-
teresting and complex. The plethora of genes that constitute
a tyrosinase family was totally unexpected and has under-
scored the complexity of the regulation of mammalian
melanogenesis—a process once thought to be a simple one
enzyme:one product system. The next several years should
see the characterization of even more pigment-related genes
and more information should soon be forthcoming from
those gene sequences. Questions currently being addressed
to elucidate the regulatory controls of mammalian melano-
genesis include:

® Identification of the critical regulatory elements within
the tyrosinase gene which control the tissue specific and
timely expression of these pigment related genes. Recent
studies have begun to describe the promoters and
enhancer-like elements that may be critical to the regula-
tion of the expression of these tyrosinase-related genes.

® Does alternative splicing play a role in the regulation of
tyrosinase activity? We now know melanocyte responses
to environmental stimuli involve increased levels of tran-
scription and translation of the albino and brown loci,
although not enough to explain the dramatic increases in
melanin production by those cells. We suggest that either
posttyrosinase factors are important in controlling mela-
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nin production, that the accuracy of processing of precur-
sor mRNA that leads to increases in functionally compe-
tent enzyme (or enzymes) might improve, or both.

® The catalytic functions of the products of the cloned
pigment-related genes must be described. More impor-
tant, their interactions that determine melanogenic func-
tion must be explained.

® What are the intracellular processing and delivery path-
ways involved in the delivery of these gene products to the
melanosome? Are all of these melanogenic proteins trans-
ported to the melanosome en masse within the same vesi-
cles, or are they segregated in different vesicles and com-
bined only after their arrival at the melanosome? The
latter pathway would provide a potential mechanism
whereby melanogenesis might be delayed until all
melanogenic factors are in place in the melanin granule.

® What are the roles of melanogenic inhibitors and post-
tyrosinase factors? These additional points of melano-
genic regulation gain added significance in light of what
we now know about the regulation of gene expression.[Fj]
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