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Mutation	of	the	tyrosinase	gene	(TYR)	causes	oculocutaneous	albinism,	type	1	(OCA1),	a	condition	character-
ized	by	reduced	skin	and	eye	melanin	pigmentation	and	by	vision	loss.	The	retinal	pigment	epithelium	influ-
ences	postnatal	visual	development.	Therefore,	increasing	ocular	pigmentation	in	patients	with	OCA1	might	
enhance	visual	function.	There	are	2	forms	of	OCA1,	OCA-1A	and	OCA-1B.	Individuals	with	the	former	lack	
functional	tyrosinase	and	therefore	lack	melanin,	while	individuals	with	the	latter	produce	some	melanin.	We	
hypothesized	that	increasing	plasma	tyrosine	concentrations	using	nitisinone,	an	FDA-approved	inhibitor	of	
tyrosine	degradation,	could	stabilize	tyrosinase	and	improve	pigmentation	in	individuals	with	OCA1.	Here,	
we	tested	this	hypothesis	in	mice	homozygous	for	either	the	Tyrc-2J	null	allele	or	the	Tyrc-h	allele,	which	model	
OCA-1A	and	OCA-1B,	respectively.	Only	nitisinone-treated	Tyrc-h/c-h	mice	manifested	increased	pigmentation	
in	their	fur	and	irides	and	had	more	pigmented	melanosomes.	High	levels	of	tyrosine	improved	the	stability	
and	enzymatic	function	of	the	Tyrc-h	protein	and	also	increased	overall	melanin	levels	in	melanocytes	from	a	
human	with	OCA-1B.	These	results	suggest	that	the	use	of	nitisinone	in	OCA-1B	patients	could	improve	their	
pigmentation	and	potentially	ameliorate	vision	loss.

Introduction
Oculocutaneous albinism (OCA) is an autosomal-recessive condi-
tion characterized by reduced pigmentation of the hair, skin, and 
eyes (1, 2). Common ocular features of OCA include iris transil-
lumination, nystagmus, foveal hypoplasia, and reduced best-cor-
rected visual acuity; children have varying degrees of visual impair-
ment and can be legally blind. The mechanism of reduced visual 
acuity and overall visual function is multifactorial and involves 
foveal hypoplasia, nystagmus (with reduced foveation time), refrac-
tive errors, photosensitivity, and developmental abnormalities of 
the visual pathways, including abnormal decussation of ganglion 
cell axons at the optic chiasm (3–7). Current treatment options 
for children with albinism are limited to correction of refractive 
errors, treatment of amblyopia (if present), low vision aids, and, in 
some cases, extraocular muscle surgery (8). Often, however, signifi-
cant visual impairment persists.

Traditionally, patients with OCA have been divided into those 
who show tyrosinase activity on hair bulb testing (tyrosinase 
positive) and those who do not (tyrosinase negative). In the era of 
molecular genetics, nonsyndromic OCA has been classified based 
on the gene that is mutated: the tyrosinase gene (TYR) causes 
OCA1 (9–12), OCA2 (previously known as the P gene) causes OCA2 
(13, 14), tyrosinase-related protein-1 gene (TYRP1) causes OCA3 
(15), and SLC45A2 (previously known as MATP and AIM1) causes 
OCA4 (16). OCA1, the most common form of OCA in North 

American white individuals (17, 18), with a prevalence of approxi-
mately 1:36,000 (19), can be further divided into a disorder with 
complete absence of tyrosinase activity (OCA-1A) and a disorder 
with residual tyrosinase activity (OCA-1B). Tyrosinase catalyzes 
the initial, rate-limiting steps in pigment (melanin) production in 
the skin and eye (20, 21); melanin is a complex biomolecule syn-
thesized and is stored in organelles called melanosomes. Melano-
somes mature through 4 recognizable stages. Stages I and II are 
early, premelanosome organelle containing little or no pigment. 
Stages III (late premelanosome) and IV (mature melanosomes) 
contain increasing amounts of pigment.

Although the early developmental abnormalities associated with 
OCA (e.g., abnormal decussation of fibers at the optic chiasm) may 
be difficult to correct, later aspects of visual development may prove 
more tractable. In particular, the maturation of the macula and 
fovea are known to continue peri- and postnatally and are therefore 
more amenable to intervention (22–24). The mechanistic role that 
tyrosinase activity and/or pigment formation have in this process is 
not well understood, but a rough correlation exists between visual 
function and the amount of fundus pigmentation (3).

We postulate that increasing pigmentation may improve the 
visual function of individuals with albinism. In adults, benefit 
may be limited to symptoms associated with glare and photosen-
sitivity, but infants may realize more dramatic effects if retinal 
development can be partially restored. In vitro and ex vivo experi-
ments in animal models of OCA have suggested that increasing 
ambient levels of tyrosine (the substrate for tyrosinase) to milli-
molar levels may stabilize the enzyme, aid in its proper targeting 
to the melanosome, and increase pigment production (25, 26). 
Lopez et al. have proposed that the initial product of tyrosinase, 
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l-DOPA, binds to the retinal pigment epithelium (RPE) melano-
somal protein GPR143 (previously termed OA1) and stimulates 
the release of a neurotrophic factor, PEDF (also known as ser-
pin F1), which may affect retinal development (27). Furthermore, 
basic principles of Michaelis-Menten kinetics support the notion 
that increasing substrate concentration up to several times the Km 
will increase product formation.

An inhibitor of 4-hydroxyphenylpyruvate dioxygenase, nitisinone 
[Orfadin; 2(-2-nitro-4 trifluoromethylbenzoyl)-1,3 cyclohexane-
dione] is an FDA-approved drug for the treatment of hereditary 
tyrosinemia type 1 (HT-1) caused by deficient fumarylacetoacetate 
hydrolase (FAH) activity (Figure 1 and refs. 28–31). This drug 
competitively inhibits 4-hydroxyphenylpyruvate dioxygenase, an 
enzyme upstream of FAH in the tyrosine catabolic pathway. Inhibi-
tion of tyrosine catabolism prevents the accumulation of the toxic 
intermediate maleylacetoacetate and fumarylacetoacetate, which 
destroy the liver and kidney of HT-1 patients. As a side effect of 
nitisinone treatment, plasma tyrosine levels are elevated in treated 
HT-1 patients, but the magnitude of elevation is reduced by coinsti-
tution of a low-protein diet. The pharmacokinetics, pharmacody-
namics, and toxicology of nitisinone have been well studied in mice 
and humans (28–32). Standard doses of 1–2 mg/kg/d in humans 
and up to 160 mg/kg/d in mice have been well tolerated (33, 34).

In the present study, we demonstrated that administering niti-
sinone to mice with reduced tyrosinase activity elevated plasma 
tyrosine levels and increased pigmentation. These findings have 
important therapeutic implications for enhancing the visual acu-
ity of patients with OCA-1B.

Results
Nitisinone increases coat and iris pigmentation in a mouse model of OCA-
1B. We administered nitisinone to 2 isogenic mouse models of 
OCA. The Tyrc-2J/c-2J mouse, a model of OCA-1A, is phenotypically 
albino due to a mutation in the Tyr gene (c.G291T, p.R77L); it was 
a functional null at the protein level (Figure 2B, Figure 3D, Figure 
4B, and refs. 35, 36). The Tyrc-h/c-h mouse (also known as the Hima-
layan mouse), a model of OCA-1B, is homozygous for a Tyr allele 
that has maximum enzymatic activity below normal body temper-
ature (37°C) because the mutant protein (c.A1259G, p.H420R) is 
heat labile (37, 38). In homozygotes, the first coat was a uniform 
light tan. At the first molt, the body hair became lighter, and the 
ears, nose, tail, and scrotum became dark (Figure 2C), as in Sia-
mese cats. Eyes were minimally pigmented and appeared red (Fig-
ure 3C, Figure 4C, and ref. 39). WT mice (C57BL6/J) had a black 
coat color and a dark brown fundus upon dilated eye examination 
(Figure 2A and Figure 4A). Because their dark brown iris pigmen-
tation blocked light reflected off the back of the eye, no iris transil-
lumination was observed in WT mice upon slit lamp examination 
(Figure 3, A and B). Iris transillumination is a cardinal finding in 
patients with OCA.

A nitisinone dose of 4 mg/kg, given every other day by oral 
gavage, produced approximately 60% of the maximal elevation of 
plasma tyrosine concentration achievable without discernible side 
effects (Supplemental Figure 1; supplemental material available 
online with this article; doi:10.1172/JCI59372DS1). After 1 month 
of nitisinone treatment, plasma tyrosine levels were elevated 4- to 
6-fold compared with placebo-treated controls (Table 1). Tyrc-h/c-h 
mice, but not Tyrc-2J/c-2J mice, showed increased pigmentation in 
areas of new hair growth upon physical examination (n = 10 per 
group; Figure 2, B–E). Note that, because pigment is preferentially 

Figure 1
Tyrosine degradation and melanin synthesis. The HPPD inhibitor niti-
sinone elevates plasma tyrosine concentrations in humans. It is used 
clinically in the treatment of HT-1 due to deficient FAH activity. Tyr is 
the first and rate-limiting step in the production of melanin.

Figure 2
Comparison of nitisinone- and vehicle-treated Tyrc-2J/c-2J and Tyrc-h/c-h 
mice. (A) WT C57BL6 mouse. (B and C) Untreated (U) and treated 
(T) Tyrc-2J/c-2J (B) and Tyrc-h/c-h (C) mice at 1 month. A patch of fur was 
shaved to stimulate new hair growth, which was preferentially pig-
mented. (D and E) Close-up images of previously shaved areas of 
untreated and treated Tyrc-h/c-h mice.
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deposited in new hair growth, we stimulated growth in our model 
by shaving a patch of fur. Similarly, slit lamp examination of the 
anterior segment showed increased pigmentation in the irides of 
Tyrc-h/c-h mice, but not Tyrc-2J/c-2J mice, as assessed by iris transillu-
mination (Figure 3, E and F). Dilated fundoscopic examination 
showed no discernible increase in pigmentation in either strain of 
treated mice (Figure 4, B and C).

Nitisinone increases melanin content in the melanosomes of ocular tis-
sues. In order to quantify the effect of nitisinone on pigmentation 
in ocular tissues and to assess for subclinical changes in ocular pig-
mentation, we performed TEM of iris, RPE, and choroid of treated 
and control mice (n = 4 eyes from 2 mice per group.) When TEM 
images of iris, choroid, and RPE of nitisinone-treated Tyrc-2J/c-2J  
mice were compared with those of untreated mice (n = 10 images 
per group), little to no increase in the number of 
pigmented melanosomes (stages III and IV) was 
observed, consistent with our clinical observations 
(Figure 5). The small number of pigment gran-
ules present in treated mice was irregular and not 
clearly in melanosomes. In contrast, TEM images 
of iris, choroid, and RPE of nitisinone-treated 
Tyrc-h/c-h mice (n = 10 images per group) showed a 
significant increase in the number of pigmented 
melanosomes compared with controls (P < 0.001 
in all tissues examined; Figure 6).

Prenatal treatment with nitisinone increases coat and 
iris pigmentation in Tyrc-h/c-h pups. In order to assess 
whether elevation of plasma tyrosine by nitisinone 
treatment could have an effect early in develop-

ment, we treated pregnant Tyrc-h/c-h females with 4 mg/kg nitisinone. 
Whereas pups of vehicle-treated mothers had coat color similar to 
that of untreated pups of the same genotype, the pups of nitisi-
none-treated mothers had considerably darker coats (Figure 7). 
Ocular examinations performed near the time of weaning showed 
that irides of pups born to vehicle-treated mothers resembled those 
of untreated Tyrc-h/c-h mice. The irides of pups born of nitisinone-
treated mothers, however, showed substantial pigmentation upon 
clinical examination (Figure 7). There was no significant difference 
between the fundus appearance of pups born to vehicle-treated and 
drug-treated dams (data not shown). The pups of treated moth-
ers had no obvious congenital malformations, systemic illnesses, 
or behavioral abnormalities. These data suggest that nitisinone’s 
effectiveness in increasing ocular and cutaneous pigmentation in 
Tyrc-h/c-h mice extends into the prenatal/neonatal period.

In silico modeling of mouse tyrosinase mutations agrees with in vivo observa-
tions. We hypothesized that nitisinone exerts its pigment-increasing 
effect in Tyrc-h/c-h mice by increasing tyrosine concentrations, which 
in turn stabilizes the tyrosinase protein. In order to explain the dif-
fering effects of nitisinone on the 2 OCA models studied, we mod-
eled the predicted effect of the Tyrc-2J/c-2J (R77L) and Tyrc-h (H420R) 
tyrosinase mutants in silico (Supplemental Results). Because X-ray 
crystallography has not been successfully performed on mammali-
an tyrosinase, the homology-modeling analyses previously reported 
and presented here rely, in part, on the available crystal structures of 
prokaryotic (Streptomyces castaneoglobisporus) and mushroom tyrosi-
nase, invertebrate hemocyanin, and plant catechol oxidase (Supple-
mental Figures 2 and 3 and refs. 40–45). The active site structure of 
mouse tyrosinase predicted by homology modeling (see Methods) is 
demonstrated in Figure 8A, superimposed with copper-bound pro-
karyotic tyrosinase as a structural template.

The Tyrc-2J mutation, R77L, occurs in a structural fragment at the 
amino terminus that is identified by the Simple Modular Archi-
tecture Research Tool (SMART; http://smart.embl-heidelberg.
de/) as an EGF/laminin-like domain. While the precise function 

Figure 3
Iris transillumination in treated (Trt) and untreated (Untrt) Tyrc-2J/c-2J and 
Tyrc-h/c-h mice. Dark brown melanin in the iris of WT mice (A) prevented 
the reflection of orange-red light off the mouse retina when a small beam 
of light was directed coaxially through the pupil at the slit lamp (B). The 
absence of significant pigment in Tyrc-h/c-h (C) and Tyrc-2J/c-2J mice (D) 
allowed this light to be reflected back to the observer, outlining iris blood 
vessels. After 1 month of nitisinone treatment, Tyrc-h/c-h mice (E), but not 
Tyrc-2J/c-2J mice (F), developed demonstrable iris pigment (arrows).

Figure 4
Fundus photos. (A) WT. (B) Treated Tyrc-2J/c-2J. (C) Treated Tyrc-h/c-h. Neither Tyrc-2J/c-2J  
nor Tyrc-h/c-h mice demonstrated any clinical difference in fundus pigmentation after  
1 month of nitisinone treatment.
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of this domain is not known, the R77L mutation is predicted to 
have major structural consequences based on its negative blosum 
70 score of –3 and significant Grantham distance of 102. Blosum 
70 scores indicate the likelihood of an amino acid substitution 
across species, with a negative score indicating a lower likelihood 
of a particular substitution being observed (46). Grantham dis-
tance indicates the degree of amino acid difference using a combi-
nation of physicochemical features, such as composition, polarity, 
and molecular volume, that correlate best with protein residue 
substitution frequencies (47). Structure equilibration using 3ps 
molecular dynamics suggested that the mutational change had 
a dramatic effect on tyrosine binding, which is thought to occur 
at the hydrophobic surface of the catalytic site (Figure 8B, 
Supplemental Figure 2, and refs. 44, 45). The replacement 
of a large, positively charged R77 with L is predicted to 
cause a destabilizing structural change in a loop includ-
ing amino acid residues 188–199 by disrupting 3 native 
hydrogen bonds between R185 and D199, as well as alter-
ing the positions of 2 surface residues, W195 and I194, in 
the hydrophobic tyrosine-binding pocket. We therefore 
anticipate that elevating ambient tyrosine concentrations 
would have little to no effect on baseline enzyme function, 
in agreement with our in vivo results.

In contrast, the Tyrc-h mutation, H420R, demonstrated a 
blosum 70 score of 0 and a smaller Grantham distance of 
29, both of which suggest a less severe structural change. 
Rather than directly affecting the structure of the hydro-
phobic tyrosine binding pocket, our model predicts a great-
er effect on the coordination of copper near the active site 
(Figure 8C). The 3ps molecular dynamics equilibration in 
water predicted a steric shift in the 4-helix bundle at the core 
of tyrosinase (positions 208–218 and 178–182), altering the 
position of W210, increasing the gap between helices at 
positions 208–218 and 178–182, and shifting residues H211 
and H180, which coordinate copper at the active site. The 
introduction of a positive charge disrupts several hydrogen 

bonds, including the bonds maintaining the orientation of R185. 
Thus, the H420R mutation is likely to disrupt coordination of a 
copper in the mouse tyrosinase structure. These results were con-
sistent with our in vivo data, and we predict that elevated tyrosine 
concentrations — binding at the relatively unaffected hydrophobic 
cavity — might stabilize the enzyme enough to allow for less effi-
cient copper coordination and residual enzymatic activity.

Elevated tyrosine stabilizes H420R, but not R77L, tyrosinase. Since 
our in silico analysis suggested that H420R, but not R77L, tyrosi-
nase can effectively bind tyrosine, we hypothesized that elevated 
ambient tyrosine might stabilize the Tyrc-h protein. In order to 
test this hypothesis, we expressed either WT, R77L, or H420R 
mutant tyrosinase proteins in CHO cells and measured tyrosinase 
protein stability using cycloheximide to inhibit new protein syn-
thesis. Similar levels of WT and mutant protein expression were 
observed on Western blots of cell protein lysates at baseline (Figure 
8D, inset). As predicted, 1 mM tyrosine improved the stability of 
the H420R mutant protein (Figure 8F) at later time points (9 and 
24 hours) relative to the marker protein GAPDH. Although there 
was a trend toward stabilization of the R77L mutant with 1 mM 
tyrosine, this was not statistically significant (Figure 8E). These 
results agree with the in vivo observations that pharmacological 
elevation of plasma tyrosine increased pigmentation in Tyrc-h/c-h but 
not Tyrc-2J/c-2J mice.

Elevated tyrosine results in increased enzymatic activity and pigment 
production in melanocytes expressing OCA-1B Tyr alleles in vitro. We also 

Table 1
Plasma tyrosine after 1 month of nitisinone treatment

	 n	 Plasma	tyrosine	 P	vs.	control
Tyrc-2J/c-2J
Control 6 109 ± 30 μM
Nitisinone 4 678 ± 73 μM 1 × 10–7

Tyrc-h/c-h
Control 6 74 ± 25 μM
Nitisinone 4 305 ± 35 μM 2 × 10–6

Mice in the treatment group received 4 mg/kg nitisinone every other day.

Figure 5
TEM images of RPE, iris, and choroid of treated Tyrc-2J/c-2J and 
Tyrc-h/c-h mice. Tyrc-2J/c-2J mice showed no discernible pigment 
in melanosomes, either in the absence of treatment (A–C) 
or after 1 month of nitisinone treatment (D–F). In contrast, 
Tyrc-h/c-h mice showed an appreciable increase in the number 
of pigmented melanosomes after 1 month of nitisinone treat-
ment (J–L) compared with untreated mice (G–I). Scale bars: 
500 nm. Original magnification, ×12,000.
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investigated the enzymatic activity of R77L and H420R mutant 
proteins in vitro compared with WT protein in albino mouse 
melanocytes (Melan-c cells) (48). Mirroring our in vivo results,  
1 mM tyrosine (a saturating concentration) increased enzyme activ-
ity over baseline in Melan-c cells expressing the H420R mutant 
tyrosinase (P = 0.03), but not the R77L mutant tyrosinase, despite 
comparable levels of protein expression (Figure 9, A and B).

In addition, we also investigated the response of human mela-
nocytes cultured from the skin of OCA-1A and OCA-1B patients. 
Similar to our results with transfected mouse Melan-c cells 
and our in vivo results, cultured melanocytes from an OCA-1B 
patient — but not those from an OCA-1A patient — developed a 
visible increase in pigmentation in response to 1 mM tyrosine 
(P = 0.006; Figure 9, C and F). This effect was not observed in 
cultured melanocytes treated with 50 nM nitisinone (in which a 
slight decrease in pigment production was observed; P = 0.002; 
Figure 9D), and the effect of 1 mM tyrosine was not potentiated 
by the addition of nitisinone (Figure 9E). These in vitro results 
suggest that elevation of circulating tyrosine may be able to 
increase pigmentation in humans with residual tyrosinase activ-
ity and imply that the effect observed in Tyrc-h/c-h mice may be 
generalizable to other hypomorphic alleles of TYR/Tyr. These 
data also suggest that nitisinone is acting via elevating plasma 
tyrosine and not via an indirect mechanism.

Discussion
Here, we demonstrated that nitisinone elevated tyrosine in both 
the Tyrc-2J/c-2J and the Tyrc-h/c-h mouse models of albinism (model-
ing OCA-1A and OCA-1B, respectively), but only Tyrc-h/c-h mice 
exhibited increased ocular and cutaneous pigmentation after  
1 month of treatment. This effect was observed with both pre-
natal and postnatal treatment. We also presented in silico and 
in vitro evidence that elevation of plasma tyrosine stabilizes the 
Tyrc-h mutant protein, resulting in residual enzyme activity and 
pigment production. Finally, we showed that elevation of ambient 
tyrosine increased total enzyme activity and/or pigmentation of 
both Melan-c cells expressing the H420R mouse mutant tyrosi-
nase and melanocytes cultured from an OCA-1B patient, but not 

an OCA-1A patient, which argues that hypertyrosinemia may 
have clinically beneficial effects in humans with residual tyrosi-
nase activity. The proportion of OCA1 patients with residual 
tyrosinase activity who might benefit from nitisinone treatment 
is unknown; however, many of the reported variants in OCA1 have 
been associated with an OCA-1B phenotype (49). Our observation 
that elevated tyrosine improved pigmentation in OCA-1B human 
melanocytes with mutation(s) distinct from the Tyrc-h/c-h mouse 
implies that nitisinone treatment may be useful in a spectrum of 
albinism patients with residual tyrosinase activity.

Individuals with OCA-1B have partially intact processing, target-
ing, and enzymatic activity of tyrosinase. This allows for 2 therapeu-
tic mechanisms of action of nitisinone with respect to its elevation 
of plasma tyrosine concentrations. The first is to improve tyrosinase 
targeting, folding, and stability, and therefore its total enzymatic 
activity. The second is to permit tyrosinase to act on its substrate, 
tyrosine, at a concentration above the Km. The published Km values 
for tyrosinase with respect to tyrosine are in the range of 100–500 μM 
(50–53). While the concentrations of tyrosine within the melanosome 
itself are unknown, nitisinone at 4 mg/kg elevated plasma tyrosine 
concentrations to nearly 700 μM in mice; treatment of humans with 
nitisinone at 2 mg per day resulted in mean plasma tyrosine levels of 
approximately 800 μM (normal range, ≈10–80 μM) (34). Such levels 
allow tyrosinase to act closer to its maximum velocity.

Another important finding was that the enhanced pigmenta-
tion assessed in ocular tissues of Tyrc-h/c-h mice reflected increased 
melanin content within intracellular melanosomes. This proper 
compartmentalization of melanin is likely important in avoiding 
the possible toxic effects of ectopic pigment formation. Melanin 
production involves the polymerization of DOPAquinone inter-
mediates that can produce toxic oxygen free radicals and cellular 
damage (54); it has been proposed that melanosomes have evolved 
as a means to sequester this otherwise toxic molecule. In fact, sub-
stantial cell death was observed when WT tyrosinase was expressed 

Figure 6
Number of pigmented melanosomes in 10 equally magnified, represen-
tative fields of ocular tissues of vehicle- and nitisinone-treated Tyrc-h/c-h 
mice. P < 0.001, nitisinone vs. control, in all 3 tissues.

Figure 7
Coat color and iris pigmentation in Tyrc-h/c-h pups after prenatal treat-
ment with nitisinone. Pups of treated mothers displayed a darker initial 
coat color and, at weaning, showed iris pigmentation similar to that 
observed in treated adult mice.
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in CHO cells (lacking melanosomes) in the presence of elevated 
tyrosine (data not shown); the inability to sequester the toxic inter-
mediates of melanin production may prove fatal to these cells. 
Hence, compartmentalization of melanin in Tyrc-h/c-h mouse mela-
nosomes is a reassuring finding.

In contrast to Tyrc-h/c-h mice, Tyrc-2J/c-2J mice showed minimally 
increased production of melanin upon nitisinone treatment, with 
no evidence that the increased pigment was within melanosomes. 
Although no overt toxicity was observed in Tyrc-2J/c-2J mice under 
the conditions studied, we would be cautious in considering phar-
macologic tyrosine elevation as a treatment strategy for patients 
with clinical OCA-1A. We chose our mouse model of OCA-1A to be 
homozygous for a missense mutation in tyrosinase, with the hope 
that increased tyrosine could serve to stabilize a tyrosinase mole-
cule that — although functionally null — could have some residual 
enzyme activity restored. Other OCA-1A–causing mutations may 
prove more amenable to therapy with nitisinone-induced hyper-
tyrosinemia. Both our in vitro culturing of melanocytes from 
humans with OCA and our ability to express functional mutant 
Tyr in Melan-c cells provide methods for assessing whether any 
given mutant protein might respond to elevated tyrosine.

A significant unanswered question is whether improving pig-
mentation in patients with albinism would improve visual func-
tion. While developmental decisions determining the decussation 
of retinal ganglion cell axons at the optic chiasm are determined 
during the first trimester of pregnancy (55, 56), foveal maturation 
in the retina continues postnatally, offering a potential therapeu-
tic window for treatments (57). Moreover, melanin likely captures 
visible light inside the eye, helping avoid backscattering off the 
outer ocular tissues, such as the sclera, that would degrade the 
visual signal. It is therefore biologically plausible that increas-
ing pigmentation, even in adulthood, may help with symptoms 
such as glare sensitivity and contrast perception. Mice are largely 
nocturnal animals that rely more on senses such as smell and 
hearing for their interaction with the environment. They lack a 
fovea, and the grating visual acuity of an adult pigmented WT 
mouse is approximately 20/1200 (58), well below that of nearly 
all patients with albinism (3). Therefore, we would not anticipate 
(nor did we observe) the small amounts of pigment deposited in 
the eyes of nitisinone-treated Tyrc-h/c-h mice to have a robust effect 
on overt visual function (our unpublished observations). Whether 
the increased pigmentation attendant to nitisinone treatment 

Figure 8
Structure and protein stability of WT and mutant mouse tyrosinase. (A) WT mouse tyrosinase (cyan throughout) superimposed with S. cas-
taneoglobisporus tyrosinas (magenta), including the dicopper binding active site (orange spheres). Positions of 4 of the 6 critical Hs in the 
active site as well as the position of the 2 mouse mutations are labeled. (B and C) Predicted structural effect of (B) R77L mutation (orange) 
and (C) H420R mutation (green) on mouse tyrosinase. In B, disruption of 3 native hydrogen bonds between R185 and D199 is shown in 
yellow. See Results for details. (D–F) Although steady-state levels of WT, R77L, and H420R tyrosinase cell protein lysates were similar (D, 
inset), H420R — but not R77L — was stabilized relative to GAPDH at later time points (9 and 24 hours) by 1 mM tyrosine. C, negative control. 
*P < 0.05, **P < 0.0001 vs. no tyrosine.
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will show demonstrable changes with more subtle quantitative 
measures, such as electroretinography or — when given prenatally 
— correction of ganglion cell axon decussation (59), is the subject 
of ongoing investigations.

Nitisinone is approved by the FDA for use in the treatment of 
HT-1, along with a special, protein-restricted diet (28). Recent 
experience with this compound in patients with a related disor-
der of tyrosine degradation, alkaptonuria, suggests that it can 
be safely administered to adults receiving a normal diet without 
significant systemic complications (34). Nitisinone may therefore 
provide a clinically viable means of increasing pigmentation, and 
potentially visual function, in patients with OCA-1B. We are cur-
rently organizing a pilot clinical study in adults with OCA-1B to 
test this hypothesis.

Methods
Animal husbandry and clinical examination. WT mice (stock no. 000664; 
C57BL/6J), Tyrc-2J/c-2J mice (stock no. 000058, MGI ID 1855985; C57BL/6J  
background), and Tyrc-h/c-h mice (stock no. 000104, MGI ID 1855979; 
C57BL/6 background) were obtained from The Jackson Laboratory. Mice 
were housed according to our institutional Animal Review Board standards 
with a 14-hour light/10-hour dark cycle. Clinical examination and imag-
ing of the anterior segment of mice were performed on gently restrained 
awake mice using a Haag-Streit BQ slit lamp and Imaging Module IM900 
software. Clinical examination of the posterior segment was performed on 
gently restrained awake mice after dilation with 1 drop of 1% tropicamide 
(Alcon Laboratories Inc.) using an indirect ophthalmoscope (Keeler) with 

a 90D condensing lens (Volk). Fundus images were obtained on mice 
sedated with intraperitoneally injected 100 mg/ml ketamine and 200 mg/
ml xylazine diluted in normal saline. Images were obtained using a Nikon 
D.90 digital SLR camera with a Nikon 85 mm f/2.8D micro AF-S ED lens 
mounted to a custom-made aluminum stand, using a 5-cm-long Hopkins 
rigid otoscope coupled to a Xenon Nova light source (175 watt) and fiber 
optic cable (Karl Storz). Mice were euthanized with carbon dioxide accord-
ing to institutional guidelines.

Drug dosing and monitoring. 10 C57BL/6J Tyrc-2J/c-2J and 10 C57BL/6  
Tyrc-h/c-h mice aged 3–4 months were designated for treatment with niti-
sinone (NTBC; Swedish Orphan International); an equal number of age-
matched controls of each genotype was designated to receive vehicle treat-
ment. Nitisinone was dissolved in 2 M NaOH and brought to neutral pH 
before it was administered. Coat color, iris transillumination, and fundus 
appearance were photodocumented prior to treatment. Because pigment 
deposition in hair is stimulated with new hair growth, a section of each 
mouse’s coat was shaved prior to the beginning of the experiment. Drug 
or vehicle was given every other day via oral gavage at a dose of 4 mg/kg in 
a volume of 0.2–0.3 ml. This dose of nitisinone was chosen to give plasma 
tyrosine concentrations in the range of 0.3–0.7 mM, or approximately 2 to 
4 times the doses typically used in humans with tyrosinemia type 1 (60), 
and within the limits of the tolerated dose in mice (28). Coat color, iris 
transillumination, and fundus appearance were photodocumented at the 
end of 1 month of treatment or vehicle dosing. For prenatal treatment 
experiments, pregnancy was determined by a maternal weight gain of at 
least 2 g over 7–9 days after observing a vaginal mucus plug. Treatment 
with 4 mg/kg nitisinone was initiated daily at day 9 or 10 of pregnancy by 

Figure 9
Increased ambient tyrosine promotes tyrosinase enzymatic activity and pigment production in OCA-1B allele-expressing cells. (A and B) 
Although Melan-c cells transfected with WT, R77L, or H420R tyrosinase expressed comparable levels of protein, only H420R responded to  
1 mM tyrosine by increasing enzyme activity. (C–F) Melanin production and pigmentation in cultured human melanocytes from an OCA-1B 
patient and an OCA-1A patient. (C) OCA-1B melanocytes — but not OCA-1A melanocytes — showed increased pigment upon incubation with 
1 mM tyrosine. Nitisinone itself (50 nM) did not produce this effect in vitro (D), nor did it potentiate the response of 1 mM tyrosine (E), which 
suggests that the increase in pigmentation is tyrosine mediated and not an indirect effect of the drug. (F) The effect on pigmentation was clearly 
visible in pellets of cells treated with 1 mM tyrosine. *P < 0.05, **P < 0.01, ***P = 0.006 vs. control.
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oral gavage and given until birth of the litter. At that point, oral treatment 
of the mother every other day was initiated until time of weaning.

Plasma tyrosine was assayed from retroorbital blood from mice at 1 week 
and 4 weeks into treatment. Because the amount of blood that could be 
obtained from nonterminal bleeds was small, plasma from 2–3 mice was 
pooled to make a single measurement. Plasma samples were frozen immedi-
ately after collection on dry ice. Samples ready for assay were gently thawed, 
diluted with an equal volume of loading buffer (0.2 M lithium citrate,  
pH 2.2), and filtered using Vivaspin 500 (3,000 Da molecular weight cutoff; 
Sartorius Stedman Biotech) spun in a fixed-angle centrifuge at 14,000 g for 
60 minutes at 16°C–20°C. The supernatant was collected, and tyrosine was 
quantified on a Biochrom 30 using the manufacturer’s specifications.

TEM. Eyes were dissected from drug- and vehicle-treated mice and 
divided into anterior and posterior segments (n = 4 eyes total from  
2 separate mice per group). The iris and posterior part (choroid, RPE, and 
retina) of the eyes were removed and fixed in 2% glutaraldehyde and 2% 
paraformaldehyde in 0.1 M sodium phosphate buffer (PB), pH 7.4, for 
12 hours at room temperature. After a wash with rinsing buffer (RB; 4% 
sucrose and 0.15 mM CaCl2 in PB), pH 7.4 at 4°C, tissues were postfixed 
in 1% OsO4 in 0.1 M PB, pH 7.4, for 1 hour. After rinsing and dehydra-
tion, tissues were embedded in Durcupan resin for 72 hours at 60°C. 1-μm 
semisections were used for tissue orientation. Then 70- to 90-nm ultrasec-
tions were collected in 200 mesh grids and counterstained with 5% uranyl 
acetate and 0.3% lead citrate. Sections were viewed on a JEOL 1010EM at 
60 KV, and digital images were acquired at ×12,000 magnification by AMT 
software (Advanced Microscopy Techniques Corp.). For each tissue, the 
number of pigmented (stage III or IV) melanosomes in TEM images of the 
same magnification were counted by a masked observer in the treated and 
untreated mice (n = 10 images per group).

Structural modeling. The atomic structure of mouse tyrosinase has been 
modeled using the crystal coordinates of 2 bicopper-binding tyrosinase 
proteins from the RCSB protein data bank (PDB; http://www.pdb.org/
pdb) as structural templates: (a) S. castaneoglobisporus tyrosinase complexed 
with a caddie protein (PDB ID 2ahl); and (b) the Ipomea batatas sweet potato 
catechol (O-diphenol) oxidase containing dicopper center (PDB ID 1bt3) 
(61). Briefly, the structural alignment of these proteins was performed 
using the MatchMaker module incorporated in the UCSF Chimera, build 
1.4.1 (62). Primary sequences were aligned using the method of Needle-
man and Wunsch (63) integrated in the program Look, version 3.5.2, for 
tertiary structure prediction (64, 65). The location of the major functional 
components of mouse tyrosinase was predicted by SMART (66, 67). Finally, 
the monomeric mouse tyrosinase structure was built by the automatic seg-
ment matching method in the program Look (68), followed by 500 cycles 
of energy minimization. The conformation of the missense variants R77L 
and H420R was generated by the same program implicating a self-consis-
tent ensemble optimization (500 cycles) (65). See Supplemental Methods 
for further details of molecular modeling (69).

In vitro expression and enzyme activity. The mouse Tyr expression construct 
(provided by C. Olivares, University of Murcia, Murcia, Spain) was pre-
pared in the pcDNA3.1 expression vector (Invitrogen) using EcoRI/XbaI 
restriction sites and based on the mouse Tyr clone, obtained as described 
previously (70). Constructs of tyrosinase gene mutant variants with chang-
es corresponding to missense mutations R77L and H420R in the mouse 
tyrosinase protein sequence were created using standard methodologies 
(Mutagenex Inc.). All mutational changes were verified by cDNA sequenc-
ing. Protein lysates for the WT mouse tyrosinase R77L and H420R missense 
variants were electrophoretically separated under reducing conditions, 
blotted, and probed with αPEP7 antiserum (gift of V. Hearing, National 
Cancer Institute, NIH, Bethesda, Maryland, USA), directed against the  
C-terminal cytosolic extension of Tyr.

CHO cells (gift of J.T. Wroblewski, Georgetown University Medical Cen-
ter, Washington DC, USA) were grown at 37°C in DMEM media in the 
presence of 10% fetal bovine serum, 1% penicillin, and 4.5 g proline per 
0.5 l media. CHO cells were transfected with either mouse tyrosinase or 
mutant variants using the pcDNA3.1 expression vector and Lipofectamine 
LTX reagent according to the manufacturer’s instructions (Invitrogen). In 
the cyclohexamide experiments, cells were treated with cyclohexamide  
(2 μg/ml) or pretreated with tyrosine (1 mM) for 24 hours before addi-
tion of cyclohexamide in the time-course assay (0, 1, 3, 6, 9, and 24 hours). 
Following the treatment period, cells were harvested with lysis buffer (10 
mM sodium phosphate, pH 7.0, 1% Igepal CA-630, and protease inhibi-
tor), and microfuged for 30 minutes at 13,200 g, 4°C, to obtain a protein 
lysate. The total protein content in protein lysates was determined spec-
trophotometrically at a 280/260 ratio. Protein expression was analyzed by 
Western blotting, and GAPDH was used as an internal loading control. 
For the analysis, Western blots were scanned, intensities of protein bands 
were determined, and the ratio of WT or mutant variant band intensity to 
that of GAPDH was calculated. Care was taken in choosing nonsaturated 
images for analysis. Statistical significance was evaluated using an inde-
pendent, 2-tailed Student’s t test.

Melan-c cells (melanocytes derived from mice homozygous for the albino 
mutation; ref. 48) were cultured in RPMI 1640, pH 6.9, supplemented with 
5% FBS, streptomycin-penicillin (100 μg/ml each), 200 nM tetradeconyl 
phorbol acetate (TPA), and 100 μM β-mercaptoethanol at 37°C in 10% 
CO2. Cells were transfected using Fugene HD reagent according to the 
manufacturer’s instructions (Roche) in the presence or absence of 1 mM 
tyrosine. After 24 hours, cells were washed twice with saline phosphate buf-
fer, harvested in 10 mM sodium phosphate (pH 6.8) containing 1% Igepal 
CA-630 and protease inhibitor (Roche), and microcentrifuged for 30 min-
utes at 13,200 g, 4°C, to obtain a protein lysate.

Diphenol oxidase activity of tyrosinase was determined spectrophoto-
metrically according to Slominski (71), with minor modifications. Briefly, 
the reaction mixtures contained 7 mM l-DOPA in 0.1 M sodium phosphate 
buffer (pH 6.8), and protein lysate (20 mg/ml) was incubated at 37°C and 
monitored by measuring the absorbance at 475 nm. All experiments were 
conducted in triplicates.

Human melanocyte culture and melanin assay. Human melanocytes were 
established from skin punch biopsies. Skin specimens were washed with 
PBS, then treated with 0.25% trypsin-EDTA (Gibco 25200; Invitrogen) for 
2 hours, followed by vigorous vortexing to separate the epidermis. The epi-
dermis was sectioned and attached to scored patches on the bottom of a 
6-well polystyrene culture dish before being covered with melanocyte media. 
1,000 ml melanocyte media was made from 950 ml Ham’s F10 (Gibco 1550; 
Invitrogen), 25 ml FBS, 5 μg bFGF (Sigma-Aldrich F0291), 10 μg endothelin 
(Sigma-Aldrich E7764), 7.5 mg IBMX (Sigma-Aldrich 17018), 30 μg chol-
era toxin (Sigma-Aldrich C8052), 3.3 μg TPA (Sigma-Aldrich P8139), 10 ml 
penicillin-streptomycin-glutamine, 1 ml fungizone, and 0.22 μm filtered.

Melanocytes were plated on 6-well dishes and grown to confluency. 
Melanin assays were run in triplicate by supplementing 3 wells per plate 
with 1 mM tyrosine (Sigma-Aldrich T8566), using the remaining 3 wells 
as untreated controls. Treatment time was 1 week. Melanocytes from each 
well were harvested separately by trypsinization and washed twice with 1× 
PBS. Pellets were resuspended in 400 μl of 1× PBS and sonicated briefly. 
The lysate was then split to an equal volume of 2N NaOH (300 μl) and 
incubated at 80°C for 1 hour to solubilize melanin. The OD475 was mea-
sured and converted to melanin content via a standard curve using syn-
thetic melanin (Sigma-Aldrich M0418). This was normalized to protein 
content using a bicinchoninic assay kit (BioRad).

Study participants. Research subjects with OCA were ascertained via an IRB-
approved clinical research protocol at the National Human Genome Insti-
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tute, NIH. OCA-1A and OCA-1B were defined on clinical grounds based on 
hair, eye, and skin coloration at the time of first clinical exam. In addition to 
decreased pigmentation in the hair and skin, both patients had ophthalmic 
abnormalities consistent with albinism, including iris transillumination, 
nystagmus, decreased visual acuity, and an albinotic fundus with no clear 
foveal reflex. Molecular confirmation included sequencing of the genes for 
OCA1 and OCA2 (TYR and OCA2, respectively). The OCA-1A subject had 
2 known disease-causing mutations in TYR (c.230A>G, p.R77Q; c.242C>T, 
p.P81L) and no likely disease-causing variants in OCA2. The OCA-1B sub-
ject had 1 known disease-causing variant (c.229T>A, p.R77W) in TYR and 
no likely disease-causing mutation in OCA2. Up to 63% of OCA-2B patients 
have no second identifiable TYR mutation (66, 72).

Statistics. Unless otherwise indicated, results are mean ± sample SD.  
P values were determined using 2-tailed Student’s t test. A P value less than 
0.05 was considered significant.

Study approval. Animal studies conformed to the principles for labora-
tory animal research outlined by the Animal Welfare Act (NIH/DHHS) and 
the ARVO Statement for the Use of Animals in Ophthalmic and Vision 
Research and were approved by the Institutional Animal Care and Use 
Committee of the National Eye Institute. Human research was in compli-

ance with the Declaration of Helsinki. The human protocol was approved 
by the IRB of the National Human Genome Research Institute, NIH, and 
patients or their representatives provided informed consent.
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