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Abstract

Several types of autosomal recessive oculocutaneous albinism
(OCA) are associated with abnormal tyrosinase function and a
generalized reduction in or absence of cutaneous and eye mela-
nin. Each is thought to result from a different mutant allele at
the tyrosinase locus, with the mutation producing an enzyme
with little or no activity in all involved tissues. In this paper, we
report a new type of OCAthat results from a tyrosinase allele
producing a temperature-sensitive enzyme. The proband had
white hair in the warmer areas (scalp and axilla) and progres-
sively darker hair in the cooler areas (extremities) of her body.
Melanocyte and melanosome architecture were normal. Quan-
titative hairbulb tyrosinase (dopa oxidase) assay demonstrated
a loss of activity above 35-37°C. Plasma pheomelanin and ur-
ine eumelanin intermediates were reduced and correlated with
hair melanin content. This is the first temperature-sensitive
tyrosinase mutation to be reported in humans and is analogous
to the Siamese mutation in the cat and the Himalayan mutation
in the mouse. (J. Clin. Invest. 1991. 87:1046-1053.) Key
words: enzyme * mutation * melanin * gene * pigment * albinism

Introduction

Tyrosinase controls the initial steps of the melanin pathway,
and altered function of this enzyme is thought to be responsible
for several types of human oculocutaneous albinism (OCA).1
Type IA (tyrosinase negative) OCAis associated with a total
absence of tyrosinase function and melanin synthesis in the
skin, hair follicles, and the eye (1). Type IB (yellow) OCAalso
has diminished tyrosinase function yet the associated pheno-
type has an absence of skin, hair, and eye melanin only at birth
followed by the development of scalp hair pheomelanin and
subsequent eumelanin with time (1, 2). Type IA and IB OCA
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are allelic, and represent different mutations at a single locus
(3). Type III (minimal pigment) OCA, is also thought to result
from altered tyrosinase function, and individuals with this type
of OCAmay be genetic compounds with two different abnor-
mal tyrosinase alleles (4, 5). It has been proposed that the genes
responsible for these types of OCAmay form an allelic series
similar to that of the c-locus in the mouse (5).

Wenow present a new type of OCAthat appears to result
from another tyrosinase allele. Affected individuals have no
pigment in the scalp and axillary hair, light pigment in the body
and pubic hair, and dark pigment in the hair of the extremities.
This unusual pigment pattern suggested that this type of OCA
resulted from a tyrosinase mutation producing a temperature-
sensitive enzyme. This was documented by the analysis of hair-
bulb tyrosinase activity.

Case report. The family pedigree is presented in Fig. 1; this
is part of a large pedigree containing individuals with type IA
OCAin other branches, to be described elsewhere. The pro-
band, individual II-4, was 18 yr of age when evaluated in the
Clinical Research Center at the University of Minnesota. At
birth, she had white hair and skin, and blue eyes, and the diag-
nosis of oculocutaneous albinism was made in the first week of
life. Nystagmus and photophobia were present, and she began
to wear glasses at 4-5 yr of age because of reduced visual acuity.
Her acuity was 20/300 without correction and 20/200 with
spectacles. There was little change in her pigmentation until
puberty at which time she developed darker hair on her legs.
She subsequently noted that her axillary hair remained "dead
white" and her scalp hair developed a slight yellow tint (which
she related to the use of shampoos). Her arm hair became light
reddish-tan, and her pubic hair varied in color from yellow to
light tan. Her skin remained white but she felt that a slight tan
developed after prolonged sun exposure, and she developed
multiple pigmented nevi on her trunk and extremities. Her
health had been good and there were no bleeding problems.
She was a high school graduate.

Samples of hair from different body locations are shown in
Fig. 2. Her scalp hair was white with a slight yellow tint, particu-
larly towards the ends of the hair strands. The hair closer to the
scalp had less of a yellow tint. Eyebrow hair was reddish-blond.
Eyelash hair was yellow. Axillary hair was white with no evi-
dence of pigment. Forearm hair was reddish blond. Pubic hair
was generally dark yellow with areas of light brown color.
Lower leg hair was dark brown.

Skin color was creamy white and there appeared to be some
increase in color over the exposed surfaces of the arms and the
upper posterior trunk. Scattered melanotic nevi were present
on the trunk and proximal extremities, and dark hair was grow-
ing from many. With correction for mild hyperopia and a
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Figure 1. Family pedigree. The proband
is individual 11-4. Solid symbols
represent OCA.

marked amount of astigmatism, binocular and monocular vi-
sual acuity was recorded at 20/200; near acuity was Jaeger 12-
14 print at 5 in. Variable pendular nystagmus with a compensa-

tory left head turn was noted, and motility evaluation showed
moderate deficiency of elevation of each eye and a 35 prism
diopter esotropia. Slit lamp examination of the anterior seg-
ment was significant for full transillumination of the blue ir-
ides. Fundiscopic examination showed foveal hypoplasia, ab-
sence of visible melanin pigment, and visualization of the cho-
roidal vessels in both the macula and peripheral fundus.

The proband's affected siblings (individuals 11-5 and 11-11

in the pedigree) had an identical phenotype, with white scalp
and axillary hair, and pigmented arm and leg hair after pu-
berty. Two of the offspring of individual II-1 1 had OCAbut
both were prepubescent and had only white hair. There was no

known consanguinity between individuals II- I I and 11- 12, and
the presence of OCAin their offspring was assumed to repre-

sent pseudodominance with individual 11-12 being an unre-

lated heterozygote for an abnormal tyrosinase allele. No bio-
chemical studies were performed on individuals 11-5, 11-11, 11-

12, 111-6, or 111-8, and they were unavailable for evaluation in
the Clinical Research Center at the University of Minnesota.

Methods

Hairbulb melanocyte tvrosinase activity. Tyrosine hydroxylase activity
of tyrosinase was determined with enzyme extracted from 10 fresh
anagen hairbulbs, using a tritiated tyrosine assay (1). Hairbulbs were
incubated on ice in 0.2 ml of 0.1 MNaPO4buffer, pH 6.8, containing
0.5% Triton X- 100 for 60 min and the supernatant used as the enzyme
extract. The reaction mixture contained 0.2 ,M L-tyrosine-3,5-3H (2 or

50 Ci/mmol) and 0.1 kIM L-dopa in 0.1 MNaPO4buffer, pH 6.8, and
20 gl of the enzyme extract in a total volume of 60 ,ul. The reaction
mixture was incubated at 37°C (standard) or at different temperatures
as indicated in the text. At 0, 60, and 120 min, a 10-,gl aliquot was

Figure 2. Hair samples from individual 11-4. The eye sample is from the eyebrows.
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placed on a small Dowex 50Wcolumn and the 3HOHgenerated by the
oxidation of tyrosine was recovered with a citrate wash. Enzyme activ-
ity was expressed in picomoles of tyrosine oxidized per hairbulb per
hour. Scalp and leg anagen hairbulbs were used for the assays.

Dopa oxidase activity of tyrosinase was determined with enzyme
extracted from three fresh anagen hairbulbs, using an HPLCassay (6).
Duplicate sets of three hairbulbs were washed in PBSand the enzyme
extracted with 0.5% Triton X-100 in 10 mMNaPO4 buffer, pH 6.8.
The reaction mixture contained 8 MML-cysteine, 29.3 MML-dopa, and
23 mMNaCl in 10 mMNaPO4buffer, pH 6.8, with 0.1% Triton X-100
in a total volume of 30 MI. The assay mixtures were incubated at 37°C,
or as indicated in the text, for 30 min. The reactions were stopped with
10 Ml of cold 0.4 N HC104 containing 0.2 Mg 5-S-D-cysteinyldopa as an
internal standard, and cooled on ice for 5 min. The solution was centri-
fuged to pellet the protein precipitate and 20 MI of the supernatant was
analyzed by HPLC. The HPLCseparation was performed using a C- 18
silica (ODS2) column, and a mobile phase containing 30 mMphospho-
ric acid, 64 mMmethanesulfonic acid, 0.1 mMEDTA, 0.8% methanol,
pH 3.0, at a flow rate of 1.5 ml/min. The 5-S-cysteinyldopa (5SCD)
and the 2-S-cysteinyldopa (2SCD) products of the reaction were de-
tected electrochemically and quantitated by comparison with authen-
tic standards. Enzyme activity was expressed as pmoles per hairbulb
per hour.

Immunologic detection of tyrosinase polypeptides. The presence of
material in hairbulbs that would react with a monoclonal antibody to
tyrosinase (TMH- 1; reference 7) was determined by immunoblotting
(8). 50 hairbulbs were washed with 62.5 mMTris(hydroxymethyl)-
aminomethane hydrochloride (Tris) buffer, pH 6.8, and then extracted
by mild sonication at room temperature in 100 Ml of 62.5 mMTris
containing 1%Triton X-100 and 2.5% SDSwithout mercaptoethanol.
The extract was filtered, applied to a 7.5% acrylamide SDS gel, and
electrophoresed at 15 mAconstant current. The samples were applied
in triplicate to three sections of the gel. One section was stained with
Coomassie G-250 to indicate total protein; the second was treated for
10 min with 10 mMNaPO4buffer, pH 6.8 at 0°C and then was incu-
bated in 4 mMdopa in 10 mMphosphate buffer, pH 6.8 at 37°C to
determine the location of tyrosinase; the third lane was transferred to
nitrocellulose by electroblotting. The nitrocellulose was blocked with
3%gelatin (Bio-Rad Laboratories, Richmond, CA) for 2 h, washed in
Tris-buffered saline containing 0.05% Tween 20 (TTBS), incubated
with the TMH-1 antibody (7) at 1:500 dilution overnight, washed with
TTBS, incubated with rabbit anti-rat IgG antibody (Cappel Laborato-
ries, Inc., Cochranville, PA) at 1:800 dilution for 1 h, washed with
TTBS, incubated with alkaline phosphatase-conjugated goat anti-rab-
bit IgG antibody (Bio-Rad Laboratories) at 1:3,000 dilution for 1 h,
washed with TTBS and Tris buffered saline, and incubated with the
color development solution (5-bromo-4-chloro-3-indoly phosphate to-
luidine salt/nitro blue tetrazolium chloride) for 1-4 h.

Melanin pathway intermediates. Plasma SSCDwas quantitated by
reverse-phase HPLC with electrochemical detection (9, 10). A 4-ml
sample of plasma was mixed with 10 ng of 5-S-D-cysteine-L-dopa (in-
ternal standard) and 100 mgaluminum oxide for 15 min. The alumi-
num oxide was then washed with water, transferred to a microfilter
apparatus, and the water was removed by centrifugation. The cystein-
yldopas were released from the aluminum oxide by treating the filter
with 0.4 ml of 1 N perchloric acid for 10 min, followed by centrifuga-
tion. The 0.4-ml filtrate was then injected directly into the HPLC. The
sample was analyzed on a C- 18 reverse-phase column using a mobile
phase containing 30 mMH3PO4, 42 mMmethanesulfonic acid, 0.1
mMEDTA, and 0.8% methanol, pH 2.79, run at 1.5 ml/min. The
electrochemical detector was set at 650 mVvs. Ag/AgCl with 20 nA
sensitivity. The amount of SSCDwas determined by comparison with
the standard curve for the 5-S-L-cysteine-D-dopa. The results are ex-
pressed as nanograms per milliliter of plasma.

Urine 5-methoxy-6-hydroxyindole-2-carboxylic acid (5M6HICA)
was quantitated by HPLCwith fluorescent detection (11, 12). A 24-h
urine sample was collected on ice. A 4.0-ml aliquot was adjusted to pH

6.0-6.5 and mixed with I Mg of 5-methoxyindole-2-carboxylic acid
(internal standard), 0.5 ml of 1.25 Msodium acetate, pH 6.2, and 0.1
ml Helix pomatia juice (Sigma S-975 1; contains j3-glucuronidase). The
mixture was bubbled with N2 for 30 s and incubated in a shaking water-
bath at 37°C for 90 min. The sample was then saturated with NaCl,
bubbled with N2 for 30 s, and extracted twice with 4.0 ml of diethyl-
ether. The extract was evaporated with N2, redissolved in 0.5 ml of
mobile phase, and 20 Ml was injected into the HPLC. The sample was
analyzed on a C-18 reverse-phase column with a 15-40% methanol
gradient; the mobile phase contained 0.05 Msodium acetate, 0.1 mM
sodium bisulfite, and 1.0 mMEDTA, pH 4.30, at a flow rate of 1.5
ml/min. The fluorometer was set at an excitation of 308 nMand an
emission of 395 nM. The amount of SM6HICA was determined by
comparison to a standard curve for 5M6HICA. The results are ex-
pressed as nanograms per milligram creatinine.

Hair melanin. Hair eumelanin and pheomelanin were quantitated
by the method of Ito (13). A 10-mg sample of hair was homogenized in
1.0 ml of H20 in a ground glass homogenizer until the hair was a
uniform homogenate. For pheomelanin quantitation, 0.4 ml of the
homogenate was first dried overnight at 37°C, then washed with 0.4 ml
of 50% H3PO4, sonicated for 1-2 h, stirred, and centrifuged in a small
tube. The supernatant was removed and the tube was placed in an
evacuation vial, to which was added 200 Ml of 57%solution of HI. The
vial was flushed with argon or helium gas, evacuated, and placed in a
sandbath at 130°C overnight. The vial was cooled and the HI was
removed from the outside of the tubes. The tubes were lyophilized
overnight to remove excess HI. The residue was then transferred from
the tube with two 500-Mu washes of 0.4 MHC104, and a 20-Ml aliquot
analyzed by HPLCwith electrochemical detection. The 3-aminotyro-
sine (3AT) product of pheomelanin oxidation was analyzed on a C- 18
column with a mobile phase containing 30 mMH3P04, 42 mMmeth-
anesulfonic acid, and 0.1 mMEDTA, pH 2.30, at a flow rate of 1.5
ml/min. The electrochemical detector was set at 400 mVvs. Ag/AgCl
with 20 nA sensitivity. The amount of 3AT wasdetermined bycompari-
son to a standard curve, and the results are expressed as nanograms per
milligram hair.

For eumelanin quantitation, a 0.4-ml aliquot of the hair homoge-
nate was centrifuged and the pellet dried at 37°C overnight. The sam-
ple was then mixed with 1.0 ml of 1 MH2SO4, sonicated until homoge-
neous, and oxidized with permanganate by the addition of 20 M1 of 3%
KMnO4followed by an additional 20 Ml when the original purple color
fades. The reaction was stopped after 10 min by the addition of 0. 1 ml
of 10% Na2SO4. The sample was extracted with ether and then evapo-
rated with N2. The residue was dissolved in 0.2 ml of 95%ethanol and a

20-Ml aliquot analyzed by HPLCwith ultraviolet detection at 254 nmat
0.001 AUFS. The pyrrole-2,3,5-tricarboxylic acid (PTCA) product of
the eumelanin oxidation was analyzed on a C- 18 column with a mobile
phase containing 30 mMH3PO4, 42 mMmethanesulfonic acid, 0.1
mMEDTA, 0.8% methanol, pH 2.79, at a flow rate of 1.5 ml/min. The
PTCAwas quantitated by comparison with a standard curve, and the
results are expressed as nanograms per milligram hair.

Hairbulb melanocyte ultrastructure. Fresh anagen scalp hairbulbs
were preincubated in 0. 1% glutaraldehyde for 60 min, incubated in 4
mML-dopa for 90 min, and fixed in 3% glutaraldehyde for electron
microscopy. Fresh anagen leg hairbulbs were fixed directly in 3%glu-
taraldehyde.

Results

Immunoblot of hairbulb tyrosinase. The proband (individual
11-4 in Fig. 1) had an unusual OCAphenotype that included
white scalp and axillary hair, reddish brown arm hair, and dark
brown leg hair. This indicated that the amount or the activity
of tyrosinase varied by location in a pattern that correlated with
regional body temperature. Immunoblot assay of tyrosinase,
using an anti-tyrosinase monoclonal antibody (TMH- 1, refer-
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Figure 3. Immunoblot of hairbulb tyrosinase, using anti-tyrosinase
monoclonal antibody TMH-1 (7). Lanes I and 3 are normally
pigmented controls. Lane 2 is the proband. Molecular weight markers
are indicated on the left of the figure. (A) Coomassie stain. (B) Anti-
tyrosinase antibody.

ence 7) demonstrated the presence of immunoactive enzyme in
an extract of scalp anagen hairbulbs. As shown in Fig. 3, the
extract of hairbulbs from the proband and from two normally
pigmented controls contained a single immunoactive band
that was - 68 kD in size, indicating that tyrosinase was present
in hairbulbs that were visually producing no pigment. Further-
more, the amount of immunoactive tyrosinase in a 50-hairbulb
sample from the proband did not appear to be abnormal be-

Table I. Hairbulb Tyrosinase (Tyrosine Hydroxylase) Activity:
Assay at Different Temperatures

Source Hair sample Assay temperature Tyrosinase activity*

°C pmol/hb per h

Proband Scalp 22 0
25 0
30 0.05
35 0
37 0.06
43 0

Leg 37 0
Controlt Scalp 37 0.44

* Each value represents a mean of duplicate assays from a single 10-
hairbulb sample. * Control hair color: brown.

Table II. Hairbulb Tyrosinase (Tyrosine Hydroxylase) Activity:
Preincubation at Different Temperatures

Temperature

Source Preincubation Assay Tyrosinase activity*

cC °C pmol/hb per h

Proband 25 37 0
28 37 0.16
30 37 0
35 37 0
37 37 0.16

Controlt 25 37 0.21
28 37 0.48
30 37 0.4 1
35 37 0.82
37 37 0.66

* Each assay was run in duplicate from a single 10-hairbulb sample.
Control hair color: brown.

cause the blot was similar to that found in the 50-hairbulb
extract from the controls, particularly the control in lane 1.

Quantitation of hairbulb tyrosinase activity. To determine
if the unusual pattern of pigmentation resulted from a tempera-
ture sensitive enzyme, we first assayed hairbulb tyrosinase (tyro-
sine hydroxylase) activity at different temperatures of incuba-
tion. As shown in Table I, scalp anagen hairbulb extracts from
the proband contained little or no detectable tyrosinase activity
when the standard tritiated tyrosine assay (1) was carried out
over a broad range of temperatures (22-43°C), and a leg hair-
bulb extract had no activity when assayed at 37°C. To deter-
mine if synthesis or processing of tyrosinase was temperature
sensitive, wealso assayed hairbulb tyrosinase (tyrosine hydroxy-
lase) activity after an 18-h preincubation period at different
temperatures. As shown in Table II, enzyme activity was pres-
ent at low levels in scalp hairbulbs of the proband that were
preincubated at 28 and 37°C and was undetectable in hair-
bulbs that were preincubated at other temperatures. These re-
sults suggested the presence of at least a small amount of active
tyrosinase in the proband's hairbulbs, but failed to demonstrate
a definite temperature effect on the function of the enzyme.

To more accurately characterize the small amount of tyro-
sinase activity present, we utilized an assay of the dopa oxidase
activity of tyrosinase (6). This assay is more sensitive than the
standard tritiated tyrosine assay, and provides better definition
of the low end of the activity range. The results are given in
Table III and Fig. 4. Scalp and leg hairbulbs from the proband
were assayed at 22, 25, 30, 35, 37, and 43°C. Scalp hairbulbs
from a normally pigmented individual with brown hair were
assayed at 27, 31, 32, 37, and 43°C as a control. Because of the
difference in total activity between the proband and the con-
trol, the results in Fig. 4 are expressed as percent of maximum
activity. Tyrosinase activity in hairbulbs from the control indi-
vidual increased at each higher temperature of incubation. In
contrast, the tyrosinase activity from the scalp and the leg hair-
bulbs of the proband increased to 35-37°C, but then decreased
to 40% (scalp) and 65% (leg) of maximum activity at higher
temperatures. These data demonstrate a temperature sensitive
dopa oxidase activity of tyrosinase in the proband.

Temperature-sensitive Tyrosinase and Albinism 1049



Table III. Hairbulb Tyrosinase (Dopa Oxidase) Activity:
Assay at Different Temperatures

Source Hair sample Assay temperature Tyrosinase activity*

°C pmol/hb per h

Proband Scalp 22 0.009
25 0.023
30 0.044
35 0.068
37 0.036
43 0.027

Leg 22 0.016
25 0.019
30 0.030
35 0.057
37 0.082
43 0.053

Controlt Scalp 27 0.308
31 0.505
33 0.649
37 0.726
43 0.760

* Each value for the proband represents an assay from a single three-
hairbulb assay. Each value for the control represents a mean of du-
plicate three-hairbulb assays; the variation in the duplicate values was
±8%. * Control hair color: brown.

Melanin biosynthetic pathway analysis. 5SCDis an precur-
sor of pheomelanin and 5M6HICA is a methylated derivative
of a precursor of eumelanin and the measurement of these two
compounds can be used to estimate the activity of the two parts
of the melanin pathway. As shown in Table IV, plasma 5SCD
and urine 5M6HICA were detectable at low levels in the pro-
band. This indicates that the melanocytes in the proband are
capable of synthesizing both types of melanin.

Total pheomelanin and eumelanin in scalp, axillary, pubic,
and leg hair from the proband and scalp hair from a control
individual with brown hair were also determined, as shown in
Table V. The amount of melanin was reduced in all hair sam-
ples from the proband; furthermore, all samples contained
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Figure 4. Dopa oxidase activity of hairbulb tyrosinase at different
temperatures for the proband and a normally pigmented control
individual with brown hair. Results are expressed as percent of
maximum activity. (i) Normal control, scalp hairbulbs; (o) proband,
scalp hairbulbs; (o) proband, leg hairbulbs.

Table IV. Melanin Pathway Intermediates

Plasma 5SCD* Urine 5M6HICAt

ng/ml pg/ml creatinine

Proband 0.26±0.03§ 0.64§
Controls 1.45±0.9011 8.99±7.51'

* 5-S-cysteinyldopa. Mean±SD. $ 5-Methoxy-6-hydroxyindole-
2-carboxylic acid measured in 24-h urine samples. Mean±SD. § Val-
ues from five plasma samples and one urine sample. 11 Plasma samples
from six unrelated control individuals with brown hair. ' 24-h urine
samples from eight unrelated control individuals with brown hair.

pheomelanin while eumelanin was present only in the hair
from her leg. These results correlate with the observed color of
the proband's hair (Fig. 2), and suggest that at least some pheo-
melanin is being synthesized in all of her melanocytes.

Electron microscopy. The ultrastructure of the scalp and leg
hairbulbs from the proband, shown in Fig. 5, was normal.
Scalp hairbulbs (Fig. 5 A) contained stage I and II premelano-
somes and there was no evidence of melanin deposition on the
internal matrix. No melanin formed after the hairbulbs were
incubated in dopa before final fixation (not shown). Leg hair-
bulbs (Fig. 5 B) contained stage II and III premelanosomes and
stage IV melanized melanosomes, in a pattern that is similar to
scalp hair from a normally pigmented individual with brown
hair.

Discussion

Oculocutaneous albinism (OCA) is a striking genetic abnormal-
ity characterized by congentially reduced pigmentation of the
skin, hair, and eyes (14). At least three types are related to
abnormalities of tyrosinase, the enzyme catalyzing the initial
two steps in the melanin biosynthetic pathway: the hydroxyla-
tion of tyrosine to dopa and the dehydrogenation of dopa to
dopaquinone (1 5). Type IA (tyrosinase negative) OCAis char-
acterized by the total, life-long absence of melanin synthesis
associated with a lack of demonstrable tyrosinase activity in all
tissues of an affected individual (1, 14, 16). In type IB (yellow)
OCAthe phenotype is similar to type IA at birth, but pheome-
lanin develops in the hair within the first few years of life,
followed by eumelanin in the adult (2), suggesting that some
residual tyrosinase activity remains in the melanocytes. In type

Table V. Hair Melanin Content

Source Eumelanin* Pheomelanin*

ng/mg hair ng/mg hair

Proband
Scalp 0 8
Axillary 0 7
Pubic 0 9
Leg 140 10

Controlt 335 15

* Each value is the mean of two samples. Control hair color: brown.
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Figure 5. Electron microscopy of
hairbulb melanocytes, without
dopa incubation. (A) Scalp hair-
bulb. (B) Leg hairbulb. I, II, and
III indicate stage I, II, or III pre-
melanosomes, and IV indicated
stage IV melanized melanosome.

III (minimal pigment) OCAthe phenotype is also similar to
type IA early in life, but iris pigment develops in the first de-
cade of life (4). Type IA and IB are thought to be allelic (3), but
their relationship to type III is unknown. Affected individuals
with all three types have reduced or absent hairbulb tyrosinase
activity (1).

Wenow describe another interesting phenotype of tyrosin-
ase-related OCAthat is associated with deficient tyrosinase ac-
tivity. The proband (individual 11-4 in Fig. 1) appeared to have
type IA OCAbefore puberty, with no evidence of skin, hair, or
eye pigment. After puberty her arm and leg hair became pig-
mented (leg > arm), whereas her scalp and axillary hair re-
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mained white. No iris or retinal pigment developed. This pat-
tern of pigment distribution correlates with local body tempera-
ture, and is similar to that of the Siamese cat and the
Himalayan rabbit, guinea-pig, and mouse (17, 18) in which
tyrosinase enzymatic activity is thermosensitive. As shown in
Table III and Fig. 4, tyrosinase extracted from the scalp and leg
hairbulbs from the proband was sensitive to higher tempera-
tures and exhibited greatly decreased activity at 35°C and
above as compared to control enzyme when measured with the
dopa oxidase assay. The temperature sensitivity was demon-
strated with an assay for the dopa oxidase function of tyrosin-
ase but not with the standard tritiated tyrosine assay that mea-
sures the tyrosine hydroxylase function of tyrosinase. The tyro-
sine hydroxylase assay is not sufficiently sensitive at low levels
of enzyme activity, and gives inconsistent results in this range
of activity. This is the first description of a human temperature-
sensitive pigment mutation. Moreover, extensive studies of this
family indicate that the proband is a genetic compound for this
novel tyrosinase allele and a type IA allele ( 19). Therefore, the
temperature-sensitive tyrosinase defect is apparently allelic to
type IA OCAand most likely is the result of a mutation of the
tyrosinase structural gene.

The specific biochemical mechanism for temperature sensi-
tivity is unknown. The amount and electrophoretic position of
immunoactive tyrosinase from the proband is similar to the
normal glycosylated tyrosinase from control individuals (Fig.
3), indicating that the abnormality does not appear to involve
enzyme processing or degradation. The normally pigmented
melanosomes in the leg hairbulbs (Fig. 5) are additional evi-
dence of normal packaging and processing of the enzyme in the
melanocyte. Studies of the Himalayan mouse suggest several
mechanisms that would produce a temperature-sensitive en-
zyme. Kidson and Fabian suggested that there may be an al-
tered, temperature-sensitive affinity for a natural enzyme inhib-
itor, and found evidence for a low molecular weight inhibitor
in homogenates of mouse skin (20). In contrast, Halaban et al.
suggested that tyrosinase thermostability may be due to glyco-
sylation of the enzyme, and demonstrated reduced glycosyla-
tion of Himalayan tyrosinase extracted from cultured dermal
melanocytes (21). The tyrosinase gene of the Himalayan
mouse has now been cloned and has been shown to contain an
A -* G substitution in codon 402 that results in a his - arg
amino acid substitution in the peptide (22). The mutation does
not occur in an area that is thought to be a potential glycosyla-
tion site (16), and site-directed mutagenesis and expression
studies will be necessary to determine the precise mechanism
for the change in thermostability with this mutation.

Somepigmentation of the hair, and less often of the skin, is
found in most types of OCA, and the predominant hair pig-
ment is pheomelanin (1). If eumelanin forms, it usually does so
after pheomelanization. The apparent explanation of this phe-
nomenon is related to the fate of dopaquinone, the product of
the initial steps of the pathway. Dopaquinone combines rap-
idly with sulfhydryl compounds to form cysteinyldopas and
eventually red-yellow pheomelanin (23). Alternatively, in the
absence of sulfhydryl compounds, dopaquinone more slowly
forms dopachrome that is enzymatically converted to indole
compounds and the black-brown eumelanins (24). In most hu-
man pigmented tissue, both types of melanin are present as a
mixture (23). The normal regulation of pheomelanin and eu-
melanin synthesis is poorly understood, but it is known that

sulfhydryl compounds are normal constituents of the melano-
cyte (25, 26). Therefore, with abnormal tyrosinase function,
less dopaquinone is fo?med and most is used for the synthesis
of pheomelanin (1).

The quantitation of the pathway intermediates and hair
melanin of the proband were consistent with the observed pig-
mentation of little or no melanin in the axillary and scalp hair,
a predominance of pheomelanin in the arm hair, and dark
eumelanin in the leg hair. The hair follicles in the scalp and
axilla are the warmest, and a temperature-sensitive tyrosinase
would be maximally inactivated in these regions, with little or
no associated melanin synthesis. Skin temperature varies by
location, with the highest temperature recorded for the scalp,
axilla, chest, and abdomen, and lower temperatures for the
extremities that decrease from proxymal to distal locations
(27). The proxymal, mid, and distal temperatures of the arm
are greater than those for the leg (27), and the basal enzyme
activity should be lower in the arm hair follicles. As a result, less
dopaquinone would be formed in the initial steps of melanin
synthesis and most would preferentially be shunted into the
higher-affinity pheomelanin pathway (1, 23). In the cooler hair
follicles of the leg, less tyrosinase inactivation would result in
greater eumelanin synthesis. The levels of cysteinyldopa (18%
of control) and 5M6HICA (7% of control) of the proband (Ta-
ble IV) suggest that pheomelanin synthesis was more generally
active than eumelanin synthesis in this individual.

There are more than 60 loci in the mouse that control coat
color, but mutations at only one or two produce OCA(16). The
c-locus in the mouse appears to represent the tyrosinase gene,
and a series of c-locus alleles have been described that correlate
with characteristic hypopigmented phenotypes, including the
chinchilla, platinum, and Himalayan. A similar series of tyro-
sinase alleles appears to be present in human, including type
IA, IB, and possibly minimal pigment OCA(16, 19). The phe-
notype described in this report apparently results from a novel
allele that encodes a temperature-sensitive form of tyrosinase.
Additional human tyrosinase alleles probably exist, resulting in
different amounts of residual enzymatic activity and a wide
variety of pigmentation phenotypes (28).
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